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A Computer Program to Find Boolean Functions 
Representable by a Single Logical Element Based 
on a Majority Decision Principle’ 


Logical elements based on a majority decision 


Saburo MUROG At 


principle, ‘like the neurons in living 


organisms, have been realized recently with parametrons or magnetic cores and are 
increasing in importance as components for use in constructing computers. An advantage 
of such elements is that even a single element of this sort can perform fairly complex 
operations. In this paper a program for the parametron computer “MUSASINO-1” 
which is to search for Boolean functions representable by a _ single element and_ their 


structures 1s described. The results will be 


elements. 


Intreduction 


When we make programs properly, elec- 
tronic digital computers can be useful for 
non-numerical problems but, at least for the 
“moment, there is no systematic procedure in 
programming such problems. A program in 
this paper is of such a nature as to solve a 
logical problem. The parametron computer 
MUSASINO-1 in a fixed-point system pro- 
vides several instructions of logical operations, 
so it may be suitable for this kind of pro- 
blems. As a matter of fact, almost half of the 
problems operated on by this computer since 
March 1957 are of this kind. 

This paper will deal with a problem which 
occurred in the logic of the elements which 


* MS in Japanese received by the Electrical Com- 
munication Laboratory, April 17, 1959. Originally 
published in the Electrical Communication Laborato- 
ry Technical Journal, Vol.8, No. 6, pp. 614-622, 1959. 
Electronics Research Section. 
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useful in designing networks with such 


perform logical operations in electronic digi- 
tal computers or in the neurons of human 
organisms. These elements, which have charac- 
teristics different from those of conventional 


* logical elements used in digital computers, 


depend upon a principle of majority decision. 
Their major advantage is that even a single 
element of this sort can perform a fairly 
complex logical operation. Though higher 
speed digital computers will be required in 
the future, possibly we must meet this re- 
quirement by paralleling a number of logical 
elements since the switching speed of any 
element is physically limited. In this sense, 
the elements working on the majority de- 
cision principle may be important, because 
this principle is quite simple and a digital 
network can be constructed with fewer ele- 
ments and with higher speed. 

The theories of the elements and _ their 
circuits will be discussed elsewhere. Here, a 
program to search for function representable 
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by a single element of this sort is described. 
The program which was actually constructed 
with instructions for the parametron com- 
puter MUSASINO-1, is of a combinatorial 
type, though an algorithm to construct and 
element from a given Boolean function will 
be described elsewhere. The former approach 
was tried to check the latter approach from 
an entirely different viewpoint. 


1. Mathematical Representation of a 
Function Represented by a Single 
Majority Element 


Variables x, x2, -++++- ,X» are coupled to a 
single majority decision element as inputs, 
where values of these variables take a value 
of either 0 or 1 and where p=2a+1. If 
the relative amplitudes of the couplings of 
these inputs are uniformly one, the majority 
decision principle states that an output of 
the element is one or zero, respectively, 
according to whether the number of ones 
or the number of zeros is in the majority in 
the input values. Such a function can be 
represented as a logical sum of all logical 
products of (@+1) variables, as follows 


RYsfeis rete KatXat Ofer EH pigrerr Xp. (1) 


where “+” and “+” indicate the logical sum 
and product, respectively. 

Though the relative coupling amplitudes 
of the inputs were assumed one in_ the 
above case, these amplitudes are not neces- 
sarily so and can be any positive integers 
which will henceforth be called “coupling 
numbers,” If a constant input which takes a 
permanent value of either zero or one _ is 
coupled the element besides in the variable 
inputs, the number of function representable 
by a single element is multiplied and 
expressions for these functions are easily 
obtained from Equation (1). For example, if 
a coupling number of the variable x, is 2, 
an expression is obtained by putting x,,— 
ms, in (1) and if a constant input of zero 
is to be coupled with a coupling number 3, 
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its expression is obtained by setting *.=%«+1 
=x,,.=0. Of course, the number of the 
variable will be smaller than /. 

Let the coupling numbers of the variable 
inputs x1, sr _«, and a constant input be 
Wy, rr wx and we, respectively. The total 
sum of the coupling numbers of the inputs, 


K=o,+ ceerccecs +ort+c, (2) 


should always be odd and will be henceforth 
called the total coupling number. The 
threshold of the element is defined as 


TH=1/20(@y te +ox~) tlt), (3) 


where — and + in the bracket should be 
used according to whether the constant input 
is 1 or 0. As can easily be seen, the output 
value is 1 only if a sum of coupling 
numbers of variables taking one is equal to 
or over the threshold. 

In Fig.1, a simple example is shown. 
Variables 2,, 22, %3, 24, and a constant. 0 
are coupled to a_ single majority element 
with coupling numbers 1, 1, 2, 2, and 1, 
respectively. Then its threshold is four and 
it expresses the function: 


HX 2X3 +X XX4 + X 3X4. (4) 


In this figure, a circle represents the element 
and a constant input 1 or 0 is shown by + 
or — with its coupling number, inside the 
circle. 


Fig. 1—An example of a majority 
decision element. 
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2. Restriction on Expressions of 
Functions 


Though even a single element with varia- 
ble inputs can represent various functions, it 
can not express all possible functions of 
variables. First we will show what terms an 
expression of a_ representable function 
contains. Let x,=%3,-<-+---- Rue ber a cet ol 
variables where the sum of their coupling 
numbers is equal to or over the threshold 
and where if any one of the variables is 
eliminated the sum of the remaining coupl- 
ing numbers will be less than the threshold. 
A function for the element is representable 
by a logical sum of all logical products 
KaNgrrrcreee x. of such variables. From the de- 
letion law of the Boolean Algebra, products 
which include the above products as_ factors 
can be deleted from the function. 

The following types of restrictions on 
expressions of functions have been known. 


That is, functions -which include both 
negatives and affirmatives of the same 
variables under any Boolean equivalence 


transformations and functions which do not 
include a cross product of any two terms 
included, can not be represented. For 
example, a function x%:+xx%, can not be 
represented by a single majority element. For 
function which can b2 represented by a single 
majority element, the following theorem, the 
proof of which is given elsewhere will be 
presented. Theorem; A function which a 
single majority decision element can _ re- 
present is expressed by a polynomial with 
logical sums and logical products but without 
negatives. And for any two terms equal to 
or higher than the second degree in_ this 
polynomial function, if existing, at least one 
of the cross terms where a variable in each 
term is replaced by another variable included 
in the other but not in this term, must 
exist in the function expression or be 
deleted by another term. 

For example, the function %%2+2%3%, does 
not include any of the cross terms, *\%3, %i%4, 
42%, and %X%,, and therefore can not be 
represented by a single element. 
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3. A Program to Find Expressions of 
Functions Representable by a Single 
Majority Decision Element 


If all the coupling numbers of the inputs 
are given, an expression for a _ function 
representable by a single element can be 
easily obtained, as described in the previous 
section. However since the procedure is 
unwieldy when a large number of inputs is 
considered, the parametron digital computer 
MUSASINO-1 was used for the task. 

For covenience, the threshold TJ and the 
total sum of the coupling numbers of the 
variables V are taken as parameters for the 
Eth element. Conversely if these 7 and V 
S=Wpevrrerees +qw, are given, a polarity and a 
coupling number of its constant input can 
be specified according to (2) and (3), but a 
coupling number of each variable can not 


be specified. Therefore if all possible 
combinations of values of , +--+ ,@, are 
considered for a given V=a,----+ +0% 


(where 1<k<V), an expression of a function 
for each combination will be obtained. For 
example, if V=4, we have five different 
combinations of @1, @:, 3, and’ @,, as 
A,0:0:0503,1 (090: 32, V5.0 aac eels Athenee 
T is given for each combination, , is 
defined and a function expression for each 
is obtained. We must check all possible 
partitions of V. 


(a) Structure of the Program 


A flow chart for the program is shown in 
Fig. 2. In block Bl, by a subroutine which 
will be described in (b), a partition of a 
given positive integer V is generated and 
according to its result coupling numbers 
Wy, ,@, are assigned to variables 2x, 
settee ,%. Then in B2 and B”, those combi- 
nations of binary values of input variabies 
having coupling numbers equal to or over 
the threshold must be found. Whenever 
such a combination of variable values is 
found, the control of the program goes to 
B4 from B3, checking out whether a new 
combination is included in a table of already 
acquired combinations stored in the memory 
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B3 
er ota B2 23 
[Assign Coupling numbers) | biz oo 3 Does the sum o 
to variables. Give a combination coupling numbers 
(generation of One) a Bue variable taking one does 
a partition of V) : uci See —__—_ reach the threshold ? 
a ac. Beaker hem Yes... >No 
Print couping end l B4 
b d at tig ae 
Tee an Is it included in B5 
ee a | ie toble. oF = 
POmDactonse? List acombination 
ime aa of values of 
38 [Yes NO variables in the 
table. 
End|Stops =e 
Fig. 2—Flow chart of a program. 
of the computer. If it is not, the block Bd (b) A Subroutine to Generate Partitions 
performs a role to put it into the table. of a Number 
When all possible combinations of 0 and : 2 : 
1 are given to the variables, all terms A subroutine to generate partitions of a 
which are to appear in the function are given number, and also their total sum; that 
listed in the table. Then B6 printing the is, a parution number, mln made primarily 
coupling numbers of the variables and the for this purpose and incorporated into the 
function from the table. For example, if library of the parametron computer MUSA- 
Oe oo 1 = te function SINO-1, being entitled as Va,. The program 
is ay +a.taorytaryt+25+24x5 but actually with 50 words, is shown in Table 1. 
for convenience of printing, coupling 
numbers will be printed as 
Tabie 1 


i al 1 P, 2 
SUBROUTINE TO GENERATE PARTITIONS 


ete OF A NUMBER 
and their function as a series of suffixes 


only: For the instruction orders of the parametron 
computer MUSASINO-1, see “The High Speed 
Computation of e by the MUSASINO-1” in 
Reports of ECL, Vol. 7, No. 6, pp. 192-198, June 
1959. 


1 2 D4 yea. © AS 


onutine ir. Iowever 10, 11,12, 13, 14 


and) 15 are expressed by. K, S, N, J, F Address | Order Content 
and L; respectively, in order to avoid | 
confusion between a two digit number and 0 || Seen | Lise 
two one digit numbers. LOR Ve 
Returning to Bl, the next partition of V : ae ed ey EES Ot 
is generated and the above process is 2 | a ion 
repeated. When all partitions of V are 3 me Lae ld 
exhausted, the control of the program is | 01. 12%, | 
transferred to B7, increasing JT by 1 and | o bea jpis it new Ve 
5 | L 

returning to Bl. If T=V, the computer stops De) ING 420k 
at B8. IL. ZOOL, 

6 46 121, 

46 13L | 
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Table 1 Table 1 
Ea eee eee Soa Se 6 8 Tl bbs oe ly) 2) 
Address Order Content eRe Oia one 
Aes fs aL ime 
8 42 183 ye eae If not, increase 7 by 
ae 40 251 a 
e a3 Ab 41 LO 48L 
AZ OE | 1 10 1F A constant 
) Set constants 42 BE SA 
10 00 20F | | When all partitions of 
* a 26 25L V are exhausted, re- 
t tONSe: 
46 L 43 lee es urn to 
12 L5 ( )F je P22 ye —Main program 
N6 i6L |—| 44 00 IF \ 
13 a (RE || 00 F 
ICS, MAL | Ais) 195) ZS 
14 L4 44L | Erase 46° 483 
AG PAL, 46 Isy Je 
15 Aoy 32 409353 
26 12L2 ||" _hy 47 LO 283 , Constants 
a R ae he '|Check if memory space 48 2 F 7 
17 36 18L \rfor partitioned number FS ( ) 
= : ae |\is exhausted es 
FF F [| 49 00 43L 
18 48 — 00 20L / 
E593 — Count a turn number | 
19 40 S3 . of partitions of V. cae as 
DS ABE | 
ay . fe | Increase a, by one. : : ‘ 
21 L5 283 | This subroutine can be used in two ways. 
LO 41L eee ome oe Xa, i) When all possible partitions of V are 
ee aa ae . , ; to be generated successively, _ this 
23 00 28F | pS idexeait subroutine is placed at address q and 
a a He ce. entered from the main program with 
40 25L [If a:>a,, increase a; the following entry; 
25 Bon (CE i(by one (223). 
40 ( )F ie ae | 
26 AQ _F 
by ZA | Address Order 
Ok LO) AL 
42 28L | 
28 L5_F | 50 VF 
40) (=) R=! Ny Sear nt cease 
29 L5 28 | pe es p 50 pF 
LO 46L Rieter: | 
30 N2 31L — | 
Is SL, || | pt 26 gF 
31 BS wails | | 
Itsy 1G — 
ze - ae The integers according to a partition of V 
33 LO (EF. = are placed in a series of addresses specified 
AQ ie : ‘ 
34 LS S3L Calculate V—(aiterus by a present parameter, where Qeaiswan inte 
LO 44L +a). ger placed in an address 7 and the relation 
35 46 33L 
LO 47L 
36 Nees | Qegegs (5) 
L5 F 
is 13 e Lea 1 fe vee is maintained. 
38 40 283 Be eles Ppaltcheele For each use of the subroutine, a new 
39 32 iL if it is larger than ap. partition is obtained. For example, if V_ is 


4 


4, the 
second 3 and_l; the third .2 
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give 4, the 
and 2; the 


first calculation will 


fourth 2, 1, and 1; the fifth 1, 1, 1, andes 
ii) When only the number of different par- 


titions of V is required and individual 
partions are not required, the subroutine 
should be entered with the following 
entry: 


Address Order 
p | 50 VF 
50 @F 

pt+l 26 @gF 


Then, the subroutine checks all possible par- 
titions of V and puts the sum in an accumu- 
lator. However, this case is not necessary for 
this paper. 

A process to generate a partition in the 
case (2), is as follows: 


i) 


ii) 


iii) 


iv) 


v) 


Numbers in a series of addresses are 
set as follows: 


Replace az by a2+1, a, by a;—1 and 
check which of these new a, and ap is 
larger. If a,=a2, a1, Q2, az-*+**- given 
the required partition. 


If aj<a:, replace a; by a;+1. (¢ was set 
in the beginning but will be increased 
by (V)). Replace all of a, a3,------ 
ai—1 by this new a, and calculate 
V—(aater-+:- +ai) for the next step. 


Replace a, by V—(a,+-::-::-: +a;) and 
check whether this or a. is larger. If 
V—(Goterss: 1) as, then ay, do, as 
are the required partitions. 


If V—(agteress: +ai)<a, replace i 
by i+1 and return to iii). When a 
Partitionvota— Vo that 1s) aj—ass- 

-+++=@;=1, is given generation ends. 


4. Expressions of Functions Represent 
able by a Single Element ‘ 


By (2) and (3), the total coupling number 
K can be calculated from V and 7. For a 
constant input of zero, 


K=2T-1 (6) 


and for a constant input of one, 


K=2(V—T)+1. ee 


The former is independent of V and if T is 
small, so is K. Therefore from the function 
expressions obtained by the program in the 
previous section, Table 2 was obtained. It 
lists function expressions which are not 
representable for smaller T in a case where 
the constant input is zero. All V’s are 
traced increasingly. This implies that a 
function is not representable by a coupling 
number smaller K than the listed value. 

Functions which are representable with a 
constant input of one are dual to those 
with a constant input of zero. Therefore a 
function which is representable by a mini- 
mum coupling number in the latter case, is 
also a representable coupling number, even 
in the former case. This property was taken 
into account in making Table 2. 

Table 2 shows a fairly complex situation. 


From this table we can see the minimum 


total coupling number required for reali- 
zation of a function by a_ single element. 
For example, the function: 

12+ 134+ 234+ 135+ 235+145+245 can 


be realized by a single element with V+11, 
T=6, ©,=@.:=3, o3;=o,=2, o;=1; that is, 
K=11 but from Table 2 we can see that 
this function can be realized with coupling 
number K=7, which is less than the 
previous case by four; that is, with V+7, 
T=4, o;=@2,=2, @3=@4, @;=1 and _ that 
this can not be realized with a lower 
coupling number. Fuctions of up to V+12 
are listed in this table checked by the 
computer. For n=2, 3 and 4, all (functions 
are exhausted in this table but for io 
some functions are representable by values 
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Table 2 


FUNCTIONS REPRESENTABLE BY SINGLE ELEMENTS 


a 


aie |. eee een | Panton 
| 
Z 2 2 11 | 3 | +2 
2 2 eo, aL 3 | 12 
3 3 in «| 1ll a ele 
: ee | 111 3 | 19413423 
2 3 3 111 5 123 
3 4 2 112 5 14-23 
3 4 3 112 5 19-413 
4 4 i ebb 7 123-4 
4 4 2 1111 | 5 12+4+13-+23-+4+14+34+24 
4 3 1111 | 5 123+124+134+234 
4 4 4 1111 7 1234 
4 5 2 1112 | 7 1+23-+244+34 
4 5 3 ola 5 12+13+14+234 
4 S| 4 1112 7 123+124+134 
4 6 2 1122 | 9 14424434 
4 6 sae 1122 le | 12413-4+23+14-+23 
4 6 go | 1113 | i | 1+234 
4 6-4 4 1118 Al 12+13+14 
4 6 | 4 1122 7 12+134+234 
4 6 aed 1122 | eer iz4 
4 7 3 | 1123 | 9 1-+23-+24 
4 7 5 1123 | 9 12+134 
4 4 1223 | 9 12413423414 
4 | eres 5 1223 9 124134234 
5* 5 1 1a 9 142434445 
5 5 2 i111 6 12-+13+23+14-4+24+34415+25+35+45 
5 5 3 iepeel 5 1234+-124+134+2344125+135+235+4145 
+245 +345 
5 5 4 11111 6 12344-1235-++1245+1345-++2345 
5 5 5 11111 9 12345 
5 6 2 11112 9 1-++23-+24+34425+35+45 
5 6 3 1102 7 12-+13-+14+234+15+235+245 +345 
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Table 2 
a ee 
SS ee Fae 
5 6 | 4 11112 7 | 123 4+124+1344+125+135+145 +2345 
5 6 | 5 11112 9 1234+1235+1245+4 1345 
5 Tt Zi 22 iL 14+24+34+35+45 
5 7 3 WATS 9 1+234+ 235 + 2454345 
5) te 3 IZ, 9 12+134234+14+424+15+425 +4345 
5 ff 4 11113 a 124+13+14+15+2345 
5) ff 4 EZ i 124+134+2344+135+235+145+4245 
‘5 ie 5 LISS 9 123+4+1244134+125+135+145 
S Mi 5 11122 9 1234+12441251+345+ 2345 
5 if 6 11122 1a 1234+4+1235+1245 
5 8 WA LZ 13 1+2+3+45 
5 8 oo W23. mei 14+23+24+25+345 
5 8 11222 11 | 124134234144 244+34+15+425-+ 36 
5 8 4 11114 9 14.2345 
5) 8 4 11123 9 124134144 234+15+235+4 245 
5 8 4 1222 9 12413-+23-4145-+245 +345 
5 8 | Sy 11114 i) 124+13414+15 
5) 8 5 13 9 124+134+135+145 +2345 
5 8 5 11222 9 123+124+134+ 234412541354 235 
5 8 6 11123 jal 123+1244125+41345 
5 8 6 1222 11 123+1245 +1345 +2345 
5 8 7 11222 13 1234+1235 
5 ) 3 11133 v3 1+2+345 
5 9 3 11223 13 14+23+4+24+434+25+35 
5 9 4 11124 at 14 234+ 235+ 245 
5 9 4 11133 at 12+13+234+144+ 24415425 
i 9 4 11223 Tal 12+13+234+144154+245+345 
) 9 5 1223 9 12+13+234+4 2354145 
5 9 6 11124 JL 12+134+135+145 
5 9 6 11133 11 12+1345 +2345 
5 9) 6 11223 Hal 123+12441344125+135+2345 
5 9 a IDLISE} 13 123+1244125 
5 9 rh 11223 13 123 +1245 +1345 
5 10 3 11233 15 142434435 


———— 1 


VOLUME 8, NUMBERS 3-4 MARCH-APRIL 1960 


il 


Table 2 
a ee 
Dee 4 v Po prpmeWumbers K Function 
5 10 4 11134 13 1+23+24+25 
5 10 4 11224 13 1+23+245+ 345 
) 10 4 12223 13 12+13+4+23+14+424+434+15 
5 10° 5 11224 iil 12+13+14+234+15+235 
5 10 5 1733 11 12--13--23-- 1454-245 
5 10 5 12223 11 12+13+414+ 234+ 2354 245+ 345 
5 10 6 11224 11 12+13+4145+ 2345 
5 10 6 11233 11 12+134+234+135+235 
5 10 6 12223 it 123 4-124+134+4234+125+135+145 
5 10 if 11134 13 12+1345 
5 10 q 11224 13 123+124+134+125+135 
5 10 “ih 12223 13 123+124+134+2345 
Ss) 10 8 11233 15 12341245 
a it 4 12233 15 12+13+423+14+24+34+15+25 
5 11 5 11225 13 142344235 
5 dig 5 11234 ils} 12+13+23+14+15+245 
5 il 5) 12233 13 12+13+23+14+24+345 
5 11 7 11225 13 12+13+4145 
5 11 ff 11234 13 12+134+4135+2345 
5 11 af 12233 IES} 123+124+134+234+125 
5 11 8 12233 15 123+124+ 1345+ 2345 
) 12 4 12234 iy 14+23+24+34+25 
5 12 © 11235 15 14234245 
5 12 5 12234 | 15 124+13+234+14+24+15+345 
5 12 6 11334 il} 12--13--23 +145 
5 12 6 12225 13 124+13414+234+15 
5 12 6 12234 13 12+134+14+4+ 234+ 235+ 245 
5 12 6 22233 13 12+134+234+135+235 +145 +245 + 345 
5 12 a 11334 as) 12+13+ 234+ 235 
5 W at 12225 es) 12+13+414+2345 
5 12 7 12234 3 12+1344234+135+145 
5 2 a 22233 13 1234+124+134+234+125+135+235+145 
+245 
5 12 8 11235 15 12+134+135 
5 2 8 12234 15 123+1244134+135+2345 
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Table 2 


Coupling Numbers | 


b f K Function 
ee | Ua | T of Variables | 
5 | 12 | 9 | 12234 WI | 123+124+4+1345 


“ay eee of n=5 includes the following sixteen functions besides the above. 


nn 


Number of | 
Variables | 


| 


| 123+1344125+134 


Function 


o 


| 135+142+234+235+4 245+ 345 
| 1254+134+135+145+4234 + 235 + 245 + 345 
12+13+144+15+25 


| 134+23+24+34+35+45 
| 12413441354 234 


| 124+135+245 +234 +235 +245 

|: 12423441345 

| 1242341344245 
1242341344 135-4145 +245 

| :124+234+1344+135+4+145 42454345 


124+13+4+144+234+235 
1425+435+234 

| 13+15+25+14+234 
124+15+4+25+14+234+4+345 

| 12+15+2345 


of V geater than 13. These were not caught 
by this program. These were determined by 
a different method and are listened at the 
end of Table 2. The only value of V greater 
than 13 is 16. Then numbers of functions of 
variables up to 5 which is representable by 


a single element are as follows: 


Number ot Functions 
of m Variables 


2 2 
3 5 
4 17 
ey 92 


Here each listed number of function does 
not include functions of variables less than 
n. These numbers were checked by another 
method which does not relay on a computer 
progam and will be described elsewhere. 
The above program for V up to 12 re- 
quired about 30 hours on our parametron 
computer MUSASINO-1. However the com- 
puter has only a 256 word magnetic core 
memory at the present time and this limited 
capacity greatly restricted programming. 


Conclusions 


More non-numerical problems like those 
in the present paper will be dealt with by 
computers in the future. However, as there 
is no standard technique as is in numerical 
analysis, programming techniques may 
greatly limit the effectiveness of computers. 
The author hopes that this paper clarifies 
certain aspects of a problem of a nature. 
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621. 315. 592:548. 3):536. 21. 083 


Measurement of Thermal Conductivity 


in Semiconductors’ 


Riro Nit 


, Lhermal conductivity of BizTe;, PbTe and InSb was determined by a modified 
Angstrém method in the temperature range of 100°-600° K. A heat source whose temper- 
ature varied sinusoidally with time was used. Samples used were all single crystals, with 
their dimensions being 0.30.3 cm? in cross section and 0.2—0.8 cm in length. They were 
soldered to the heat source. A sinusoidal temperature wave traveled through them and 
reflected at their ends. Two values of thermal conductivity were determined, one from 
the amplitude ratio and the other from the phase difference at both ends of the sample. 
These two values agreed very well. The results obtained by this method differed from 
those determined by Joffé and Devyatkova for PbTe. 


Introduction 


In general, thermal conductivity K may 
be written as the sum of two components: 
K,, the lattice thermal conductivity and K., 
the thermal conductivity of charge carriers. 
At sufficiently high temperatures K, de- 
creases as 1/T. K. is usually considered to 
follow the Wiedemann-Franz law and _ it 
forms only a small part of the total thermal 
conductivity K in the case of semi-con- 
ductors. In 1954 Busch and_ Schneider‘ 
found an anomalous. behavior in the 
thermal conductivity of InSb. It did not 
decrease as 1/7. There was a minimum at 
about 400° K and this was considered to be 
due to an anomalously large contribution of 
charge carriers to the thermal conductivity. 
Price®? assumed that the heat conduction 
was caused by the ambipolar diffusion of 
electrons and holes at higher temperatures. 
Although he obtained a larger contribution 
of charge carriers than that given by the 
Wiedomann-Franz law, the experimental 
values were too large to be explained by 
this assumption. Recently Stuckes“” measured 


* Parts of this paper appeared in the Jour. Phys. Soc. 
Japan, Vol. 18, pp. 769-770, 1958. 
+ Semiconductors Research Section. 


it by a comparison method. His results were 
quite different from those obtained by Busch 
Schneider. The absolute values were about a 
quarter those of Busch and Schneider, and 
there was no minimum in their temperature 
dependence. This shows that the measure- 
ment of thermal conductivity is very difficult 
because of the heat loss by radiation and 
conduction through lead wires. It is im- 
portant to carry out experiments by various 
methods and compare the results with those 
obtained by many experimenters. BisTe; is 
one of the typical semiconductors on which 
most careful experiments have been made,‘” 
© and the results thus obtained were in 
good quantitative agreement with the theory 
of Price. Therefore, BisTe; was chosen as 
the test specimen for this research. In 1956 
Joffé“® published the thermal conductivity of 
PbTe and showed that the heat conduction 
due to excitons might form a considerable 
part of the thermal conductivity in the 
higher temperature range. It was considered 
worth while carrying out the measurement 
again in PbTe by a method quite different 
from that of Joffé. 


1. Method of Measurement 


In the Angstrém method,“ a semi-infinite 
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thin rod is used, of which one end is in 
thermal contact with a heat source whose 
temperature varies sinusoidally with time. 
The fundamental equation for the tempera- 
ture @ in the rod which, in addition to 
conducting heat, is radiating heat to its 
surroundings is 


pee =—- +10 @® 


where x is the length measured along the 
rod, t is time yp is the radiation constant, 
and & is the thermal diffusivity; which is 
related to the thermal conductivity K by the 
relation 


K_ked 


where c is the specific heat and d is the 
density. The boundary condition is 


0(0,4)=Ay+A,cosat at x=0 
@) 
6=0 at < 
The general solution is 


O0(, 1) = Ap exp (—ayx) 


+A,;exp (—a,x) cos (wt—f,x), (3) 


where 
aap 
a= {0/22)((e? +07)? 4 wy? (4) 
Bi= 1A1/2k) 0? ao?) 8? — a} YP (9) 


Eliminating » from Eqs.(4) and (5), we 
obtain: 


a8, =0/2k, (6) 


By measuring @, and @, from the damping 
and phase change of the temperature wave 
at two points on the rod, k may be 
determined from this formula. In _ this 
method, it is not necessary to measure heat 
powers generated at the source, but the 
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specific heat of the sample must be known 
to calculate the thermal conductivity K from 
the thermal diffusivity &. 

Since the samples of semiconductors are 
of small dimensions, particularly when single 
crystals are used, the above method must 
be modified as follows. Now, the samples 
are used in the form of small cubes. They 
are in thermal contact with the heat source 
mentioned above. Then the temperature 
wave reflects at their ends. If heat loss is 
neglected, the boundary condition will be 
changed to: 


0(0,t))=Ay+Aicosat at x=0 ) 

ee OE 
d0/dx=0 Ate 
where / is the length of a side of the cube. 
The second term of Eq. (7) means that heat 
flow is perfectly stopped and there is no 
temperature gradient at the end. 


The end face of the 
sample 


Fig. 1—(a)-‘a’):The temperature distribution for 
a semi-infinite sample. (b): the mirror 
image of (a’). (c): the resultant temper- 
ature distribution. 


Fig. 1 shows the temperature distribution 
as a function of x at one instant of time. If 
(a) and (a’) are the temperature waves 
when the length of the samples is semi- 
infinite, the reflected wave (b), which is the 
image of (a’), will be the solution of Eq. (1). 
The resultant wave (c), which is the 
composite of (a) and (b), is also a_ solution 
of Eq. (1), and if » and 2 are chosen to 
have proper values, (b) will not reach to 
the heat source. Then the boundary 
condition of Eq, (7) will be fulfilled. The 


solution at x=1 is therefore, 
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Aad, t) =A,4+2A, exp (—a,l) COS (wt—B,1) (8) 
a =81= (@/2Rk)'”, (9) 


Here the radiation constant y is set equal 
to zero in the previous equations. If a, and 
8, are determined from the amplitude ratio 
and phase difference of the temperature 
wave at x=0 and x=, k may be calculated 
in two ways; either from a, or ~B;. These 
two solutions of k from Eq. (9) must be the 
same, or there is some heat loss and the 
assumption that ~=0 is not fulfilled. 


2. Apparatus 


The apparatus used for our measurements 
is shown schematically in Fig.2. The 
measurements were made in a cylindrical 
copper can whose dimensions were 4cm in 
diameter 10cm in depth and 0.lcm in 
thickness. It was used as a radiation shield. 
It carried heater J;, which was made of 
nichrome wire, through which the tempera- 


To vacuum pump 


29 


1 I 


- 


A 


Fig. 2—Apparatus used for the measurement of 
Thermal Conductivity. @: sample @: 
copper can @): copper disk @: copper bar 
©®: constantan spring @: mica support 
(@: glass tube. 
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tures of measurement were controlled. Th 
sample was soldered on the copper disk 
Thermocouples T, and T>, which were mad 
of Copper-constantan, 0.01cm in diameter. 
were soldered to both ends of the sample. 
Heater J, which was made of constantar 
0.01 cm in diameter, was wound on a copper 
bar whose diameter was 0.1. cm, and an on 
off current power of 0.5 watts was passec 
through it. The period of the current was 
about 4 seconds. The thermal emfs. of T 
and T, varied sinusoidally with time. A spring 
of constantan, 0.01 cm in diameter, was used 
for supporting the sample when the solder 
was melted at higher temperatures. The 
whole assembly was inserted in a glass tube 
and evacuated to about 10°*mmHg. In a 
vacuum of 10°’ mmHg, no remarkable change 
could be seen in the results. In making low 
temperature measurements, the glass tube 
was immersed in liquid nitrogen. In the 
temperature range of 100-700° K the temper- 
ature differences of various parts of the appa- 
ratus were 


T; moma ils mean < i? Cc 


T3-T> mean < By (C. 


The amplitude of the temperature wave at 
hn was about ac. 


3. Method of Measurement 


The thermocouples 7, and TJ, were 
connected to the circuit as shown in Fig. 3. 
The mean emfs. of the thermocouple pair 
were balanced by a potentiometer, which is 
seen on the right side of the figure. The 
sinusoidal component was detected by the 
periodic deflection of the Galvanometer. On 
the left side of the figure is a mechanical 
very-low-frequency oscillator which generated 
an accurate sinusoidal voltage in series with 
the thermocouple. The motor of _ this 
mechanical oscillator drove at the same time 
the on-off switch of heater 1, which 
generated the temperature wave. The phase 
relation between the two could be changed 
by a mechanical phase shifter. When the 
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amplitude and phase of the oscillator were 
suitablly chosen; the deflection of | the 
galvanometer diminished to zero amplitude. 
The amplitude and phase of the thermal 
emfs. of thermocouples 7, and T. were 
determined by this procedure. 


7 
<200kQ; / 


Fig. 3—Circuit used for the measurement of 
Thermal Conductivity 7: thermo- 
couple 7s: melting ice bath for 
reference junction Rs: this sliding 
contact moved to and fro by means 
of a cam driven by a motor. 


Conclusion 


A typical example of the temperature 
dependence of 1/k of a Bi, Tes single crystal 
is shown in Fig. 4. The dimensions of the 
sample were 0.35%0.25 cm* in cross section 
and 0.218cm in length. The direction of the 
heat flow is parallel to the cleavage plane 
of the crystal. Symbol - shows the values 
calculated from the amplitude ratio and 
symbol x those calculated from the phase 
difference. It may be seen that these two 
values agree well with each other. The 
temperature dependence of its Hall coef- 
ficient R and its resistivity p is also shown 
in the figure. Since the specific heat of 
BisTe; is not known, the thermal conduc- 
tivity K was not calculated. Therefore the 
absolute values cannot be compared with 
those of other authors’. But the temperature 
dependence is the same as that given by 
Goldsmid™ and by Satterthwaite and Ure. 

The temperature dependence of 1/K of a 
PbTe single crystal, together with its 
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R(cm/Coul. ) 


p(Q—cm) 


Fig. 4—The thermal and electrical properties of 
BizTe3. Symbol @ represents the value 
calculated from the amplitude ratio and 
x that from the phase difference. 


electrical properties, is shown in Fig.5. The 
sample was annealed for 62.5 hours in an 
evacuated and sealed glass tube at 800° K. 
Its dimensions were 0.28X0.4cm? in cross 
section and 0.215 cm in length. The thermal 
conductivity was calculated from the values 
of c, which were given by Parkinson and 
Quarrington®™ for temperatures lower than 
room temperature. The value of 12 cal/mol 
was obtained for temperatures above room 
temperature by extrapolation. The value of 
8.15 g/cm’ was selected for density d. The 
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Fig.5—The thermal and electrical properties 
of PbTe. 


dotted curve in Fig.5 represents the results 
given by Joffé. In spite of the similarity of 
the electrical properties of Joffé’s sample and 
ours, there is a rather large difference in 
behavior of the thermal conductivity at 
higher temperatures. The 1/K curve of our 
sample deviates from a_ straight line at 
higher temperatures, where the sample 
becomes intrinsic, and does not show any 
abnormal bend of thermal conductivity due 
to excitons. In this case, the reciprocals of 
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Fig. 6—The thermal and electrical properties 


of InSb. 


thermal diffusivity 1/R are within the range 
of 15-120 sec/cm®. These reciprocals have 
approximately the same range as those of 
BizTe3. The dimensions of both samples are 
also nearly equal, so that the experimental 
conditions for Bi,sTe; and PbTe may be 
considered almost identical except for the 
possible difference in radiation constant mw. If 
the curve for PbTe really bends over near 
room temperature, it is difficult to understand 
why our experimental curve bends over for 
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Bi,Te; but not for PbTe. Finally, a typical 
example of temperature dependence of 1/K 
of InSb single crystal and its’ electrical 
properties are shown in Fig. 6. In determin- 
ing K, 12cal/mol was assumed for the 
value of the specific heat and 5.777 g/cm’ 
for the value of d. Measurement were made 
for two samples with different dimensions, 
one 0.25X0.38cm” in cross section and 
0.44cem in length, and the other 0.27% 
0.24cm* in cross section and 0.848cm in 
length. The results were almost the same. 
For comparison, the results of Busch and 
Schneider,“ and Stuckes“®? are also shown 
here. It may be seen that our results are in 
good agreement with Stuckes’ data. 
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Semiconductor Speech-Path Switches Suitable 
for Direct-Coupled Connection’ 


Ichiro ENDO} and Shoji YOSHIDAt 


This paper describes three types of bilateral speech-path switches for all-electronic 
telephone exchange systems. The main object of this research was to obtain elementary 
semiconductor speech-path circuits which can be connected with each other directly, 
without using coupling circuits such as transformers or capacitors between stages. This 
feature is desirable for multistage connection in a large scale exchange system. 

The first circuit uses a diode bridge, the second circuit uses grounded base p-n-p and 
n-p-n transistors connected alternately, and the third circuit uses a compound p-n-p-n 
transistor made up of one n-p-n transistor and one p-n-p transistor. For practical use, the 


last circuit seems to be the most promising. 


Introduction 


One of the most important problems in 
the realization of all-electronic telephone 
exchange systems is the selection of speech- 
path switches both technically and economi- 
cally suitable for the system. 

Various papers about electronic switches 
for speech-path circuits have been published 
at home and abroad, and the devices used 
in these switches have been vacuum tubes, 
semiconductor diodes, transistors, etc. 

Speech-path switches, according to their 
construction, are generally classified into 
three types: 

(a) Space-division switches, 

(b) Time-division switches, 

(c) Frequency-division switches. 

Semiconductor switches considered in this 
paper belong to type (a). The main require- 
ments for a switch of the space division 
type are ; 

(1) It must have a high switching speed. 
* MS (in Japanese) was received by the Electrical 
Communication Laboratory, Feb. 13, 1959 and publish- 
ed in the Kenkyu Zituyéka Hokoku (Electrical 
Communication Laboratory Technical Journal), Vol. 8, 
No. 4, pp. 333-354, 1959. 
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(2) It must have bilateral transmission 
characteristics. Accordingly, in the “on” 
state, its insertion loss in the voice 
frequency band must be sufficiently 
low, and it must be capable of trans- 
mitting a voice signal of several mW 
with no distortion. 

(3) In the “off” state, its insertion loss in 
the voice frequency band must be 
extremely high. 

(4) It must not generate any undesirable 
electronic noise. 

(5) A self-holding switch is _ preferable, 
because a switch having this function 
can hold the “on” state without the 
aid of control signals while a_ conver- 
sation is continued. 

(6) High stability must be maintained for 
a long period. Moreover, small size 
and high uniformity are desirable. 

(7) Power dissipation must be small. 

Generally speaking, in electronic switches, 

control and voice currents pass through a 
common path. In this respect electronic 
switches differ from  electromechanical 
switches, in which the control and voice 
current paths are completely independent. 
To separate these two kinds of currents in 
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circuits of electronic switches connected in 
series, coupling elements such as_ trans- 
formers, capacitors, and inductors are 
generally employed between switches. The 
use of such coupling elements necessarily 
results in increased insertion loss in the 
“on” state, in increased cost, and in 
increased space consumption. Accordingly, it 
is desirable that the switches be connected 
directly without using coupling elements. 
From this point of view, we chose three 
kinds of speech-path switches and conducted 
experiments on them. As a result it became 
known that they have satisfactory switching 
ratio, insertion loss and transmission level 
characteristics. One of the three switches 
possesses the self-holding function. The 
following sections treat mainly the trans- 
mission characteristics of these switches. 


1. Methods of Coupling Speech-Path 
Switches Directly 


To establish a cascade connection without 
using coupling elements, there are three 
methods as follows: 

(a) By passing the control current through 

a route independent of the speech-path. 

(b) By passing the control current through 
two adjacent switches. 

(c) By passing the control current through 
cascaded switches regarded as a 
common control current path. 

We utilized the following types of switches 

corresponding to the above methods. 

(a) Diode-bridge switches. 

(b) Base-controlled transistor switch chains 
where p-n-p and n-p-n transistors are 
arranged alternately. 

(c) Compound p-n-p-n transistor switches 
employing one p-n-p transistor and one 
n-p-n transistor. 

The networks and characteristics of these 
switches one illustrated in the 
sections. 


following 


2. Diode-Bridge Switch 


As shown in Fig. 1, a diode-bridge switch 
is constructed with four diodes of the same 


To the preceding 
stage switches 


To the following 
stage switches 


d: SD-16 gold bonded diode 
D: ECL-1200 germanium junction diode 
E: Reverse bias source 


Fig. 1—Construction of the diode-bridge 
speech-path switch. 


characteristics. If one of the two pairs of 
terminals of the diode-bridge is connected to 
the speech-path and the other pair of 
terminals to the control circuit, the spee-h- 
path is independent of the control-path. 
Therefore, such diode-bridges can be con- 
nected in cascade without coupling elements, 
and the control signal of a switch cannot 
flow into adjacent switches. 

Also shown in Fig. 1 is a transistor circuit 
for controlling the switch. When a_ high 
frequency control signal appears across 
terminals 56 and b’, but not across terminals 
a and a’, then the transistor is in the 
cut-off region and the diode-bridge switch is 
in the “off” state. When the high frequency 
control signal on terminals 6 and 6b’ disap- 
pears, and at the same time a signal appears 
across terminals a and a’, the switch enters 
the “on” state. A parametron flip-flop circuit 
is used for supplying this high frequency 
control signal. 

The diodes employed in this switch were 
specifically designed and developed in our 
laboratory for this switch. They are 
germanium junction type diodes. Their 
reverse resistances are about 10 megohms at 
—10 volts and their forward resistances are 
low enough in the audio-frequency band 
(about 2 ohms at 20 milliamperes). Typical 
characteristics are shown in Fig. 2. 
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Fig. 2—Static-characteristics of ECL-1200 ger- 
manium junction diodes (two samples). 


Fig. 3 illustrates their transmission charac- 
teristics. Voice signals up to a few milli- 
watts can be transmitted through the 
switches without appreciable distortion. 

The advantages of this switch is the 
simplicity of speech-path circuit and the high 
switching ratio, though the control circuit of 
the switch is rather complicated. 


3. Base-Controlled Transistor Switch 


It is known that a symmetrical transistor 
switch‘ controlled by a polarity of the base 
potential, as shown in Fig. 4, has bilateral 
characteristics and a very high switching 
ratio. It therefore may be used as a_speech- 
path switch. We have found a method of 
connecting such switches directly. As shown 
in Fig. 5, if transistor switches of p-n-p and 
n-p-n types are arranged alternately in ad- 
jacent stages, the control current of each 
switch establishes closed loop circuits with ad- 
jacent switches. Thus, such transistor switches 
can be connected without using coupling 
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Fig. 3 (b)—Frequency characteristics of the 
insertion loss of the “off” diode- 
bridge switch (H#=45 V). 


Note: collector terminal 


Fig. 4—P-n-p type symmetrical transistor switch. 
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Fig. 5—Four-stage cascade connection 
of transistor switches. 


elements. 

By reversing the d-c voltage applied to 
the base of any switch shown in Fig. 5, the 
corresponding switch is turned off. 

Transistors for switches of this type must 
have a bilateral current amplication factor 
sufficiently large to handle, with a small 
controlling power, large voice signals 
without introducing distortion or attenuation. 
In addition, a high bilateral current amplifi- 
cation factor is necessary for effective 
separation of the control circuit from the 
speech-path circuit. In our experiments, both 
symmetrical and nonsymmetrical (or general- 
purpose) transistors were used. However, 
nonsymmetrical transistors with approximate- 
ly symmetrical properties were selected from 
among general-purpose transistors on the 
market. 

Fig.6 shows the characteristics in the 
case of four stage speech-path switches made 
of nonsymmetrical transistors. The insertion 
loss of the switch is about .0.25 decibels per 
stage. 
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4. Compound Transistor Switch 


The circuit shown in Fig.7 will be called 
a “compound transistor.” It is constructed 
with complementary pairs of transistors (i.e. 
p-n-p and n-p-n), with the bases and the 
collectors of the pair interconnected. 

It is noteworthy that this circuit has nega- 
tive resistance characteristics like those of 
gas discharge diodes. This switch, therefore, 
has a self-holding function. The static charac- 
teristics of fundamental circuits and of cas- 
caded circuits of compound transistors are 
illustrated in Fig. 8. 

From the same figure, the following im- 
portant facts can be ascertained. 

Switches of this type can be connected in 
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Fig. 7—Cascade connection of compound transistor switches. 
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Fig. 8—V—TI characteristics of the compound 
transistor switch (7,;; 2T—14, T: 
2T—64), 


cascade without coupling elements between 
stages, and the breakdown voltage does not 
increase with the number of stages connected 
in cascade. This feature is different from 
those of gas discharge tubes and of p-n-p-n 
avalanche diodes. 

In switches of this type using junction 
transistors for low frequency use, the “off” 
and the “on” impedances are above ten 
magohms and within several ohms_ re- 
spectively in the audio frequency range. 
Transmission characteristics and an equivalent 
circuit’? of the ‘compound transistor are 
shown in Fig.9. With the application of a 
voltage pulse, by which the emitter potential 
of the first switch can exceed its base 
voltage, all switches connected in_ series 
conduct successfully like a lot of falling 
ninepins. On the other hand when they must 
be reset, they are all turned off at once by 
cutting off the conduction current at an arbi- 
trary point in the speech-path switch series. 
Like gas discharge tubes, this switch series 
‘can be used with the so-called “end-marking” 
system in speech-path switch networks. That 
is, by the application of marking signals to 
both ends of a switch series, the route se- 
lection and the connection of a speech-path 
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can be done automatically. Fig. 10 illustrates 
an example of a lockout method required 
for such an “end-marking” system. The oc- 
currence of multiroutes can be suppressed by 
the resistance R shown in Fig. 7. 

The lockout mechanism is as follows. As 
shown in Fig.10, a rectangular wave of 
amplitude AV is applied continuously to the 
base of each switch through a common 
high value resistor R, in each column of 


TLSTS 


(a) Equivalent Circuit in the Active Region 


la Fz 


(b)Equivalent Circuit in the Cutoff Region 
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(C)Equivalent Circuit in fhe Saturation Region 


Cx: EmitterCapacity of T;,  7m,, 7m: Emitter Re- 
sistances of T, and Ts, 7, 7#2: Base Resistances 
of T,; and T., rc, 7c2: Collector Resistances of T, 
and T,, Cc, Cog: Collector Capacities of T, and 
To, x: Emitter Resistance of F, in the “off” 
Region, zs, Hes: Emitter Resistances of T, and 
T, in Saturation Region, cis, 7c2s: Collector Re- 
sistances of T, and Ty, in Saturation Region, ay, a: 
Current Amplification Factors of T, and To, 


Co'=Cai+ 


ro'=ro.rce/(rci1 +1rc2), 


a=a,/(l-ca), re=rn,t(l—a)rm, 
Cea, Co=Cc'/(1 = cae), 
yoal=vo)re', ty=lrmiloaeles cee 


+(1—a)rp,+r}. 


Fig. 9 (a)—Equivalent circuit for the compound 
transistor switch. 
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Fig. 9 (b)—Frequency characteristics of the compound transistor switch. 


the switch matrix. That is to say, when all 
switches are in the “off” state, the base 
potential changes with AV. But when any 
one of the parallel switches connected to the 
common link (L;’ or L,’) is turned on, the 
base potentials of the others change with 
AV.n because of voltage-drop through the 
common registor R,;. Furthermore, if the 
au l Eee. following relation exists: 


From ‘the preceding 
Stage switches 


= Vp, To the following-stage 
if switch 
9 Vin > Vnan—AVon > E+AE> V,—AV>E, 
Rectangular wave 

source for lock-out 


where V, is the breakdown voltage of the 

Wie sl0a) Switch imarcee switch, E is the common d-c supply voltage 
of a switch series and AE is the amplitude 

ws of the trigger pulse applied, then a_ trigger 

sie ha Sieg aa! Nan pulse applied to the link ZL; turns on switch 
1, and the base potential of switch 3 

becomes V;,+AVon, but the base potentials 

5 Van of switches 2 and 4 remain V;,+AV. There- 

fore, if —AV is added to each base, and a 
trigger pulse is applied to L2, then the base 
potential of switch 3, V,—AVon, becomes 
larger than E+AE, and switch 3 cannot be 
turned on, though switch 4 can be turned 


on. Thus the undesirable cross connection 
Fig. 10 (b)—Relation between the turn-on pulse of two or more speech-paths 


and the rectangular wave signal effectively avoided. 
for lockout. The time lengths required for the switch 


Turn-on Pulse 


Emitter Current 


may be 
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to be turned on or off are about 5  micro- 
seconds and 10 microseconds respectively, 
when transistors with an alpha _ cutoff 
frequency of 0.8 megacycles are used. When 
we conducted experiments on _ speech-path 
connections between a trunk and a_ sub- 
scriber through five stages of simplified 
networks with “end-marking” controls, the 
probability of occurrence of multiroutes for 
each connecting action was very small. 
Thus, switches of this type were shown 
to have a self-holding function, and may be 
applied in “end-marking” switching networks. 
We may expect that using the system 
described, a considerable economy of both 


speech-path components and control com- 
ponents of electronic telephone exchange 
systems will be achieved. 

Conclusion 

As described above, experiments were 


Nata 


made on three kinds of multistage cascade 
connection circuits for speech-path switches 
using semiconductor devices. These circuits 
are desirable for construction of a system of 
speech-path switches on a large scale. These 
switches have the following characteristics. 
Power consumption (in the “on’’ state): 

about 10 mW 
Speech attenuation: below 0.3dB 
Maximum level of speech signals to be trans- 
mitted: about 10 dBm 
Insertion loss (in the “off’’ state): 

over 90 dB 
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The Nonlinear Barrier Capacitance 
of Silver Bonded Diodes’ 


Shoichi KITA} and Koichi SUGIY AMA* 


Recently the parametric amplifier has attracted attention because of its low noise 
characteristics. One of the authors has designed a new diode suitable for parametric 
amplifiers. This diode is a silver bonded diode which is composed of a silver-gallium 
whisker and an n-type germanium wafer. After the whisker makes contact with the 
germanium wafer, electrical forming is applied to make a silver bonded contact. 

We measured the impedance variation of the diode as a function of bias voltage al 
6kMc by use of a coaxial standing wave meter. Barrier capacitance was calculated from 
this variation and this capacitance agreed with the theoretical values for reverse biases, 
but for forward biases the capacitance was larger than the theoretical value. The cut-off 
frequency of the diode was more than 400kMc. The barrier capacitance variation factor, 
C,/Cy, was four times larger than that of other point contact silicon and germanium 
diodes. It was discovered that electrical forming was the most important factor in 
determining the characteristics of the diode. 


A 6kMc parametric amplifier using a 


silver bonded diode was 


constructed. The 


bandwidth was 40 Mc at 20 dB gain and the noise figure was about 5 dB. 


Introduction 


Earlier, one of the authors discovered that 
welded contact germanium diodes showed 
negative resistance in the microwave region, 
and that they could be used for oscillation 
and amplification at 4kMc.‘? Later it was 
proved that the amplification was due to a 
parametric excitation of the nonlinear barrier 
capacitance of the semiconductor diode. 

The said author discovered in his experi- 
ments on a harmonic generator that a gold 
bonded germanium diode had a_ large 
nonlinear barrier capacitance in the negative 
bias region.“ And we succeeded in getting 
the microwave parametric amplification using 
gold bonded diodes. Recently, it was found 
that a silver bonded diode which had been 
designed by Kita and Nakayama was 
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superior to the gold bonded diode for 
parametric amplification. We measured the 
barrier capacitance of the diode at 6kMc. 
As the result, it was found that a_ barrier 
capacitance variation of the silver bonded 
diode was much larger than that of point 
contact diodes, such as 1N23B, and that the 
cut-off frequency of the diode was larger 
than 250kMc. Electrical forming has been 
used in the process of manufacturing silver 
bonded diodes. This forming is necessary to 
obtain diodes with good characteristics. 

We made a 6kMc parametric amplifier 
using the silver bonded diode. The band 
width of the amplifier was 40 Mc at 20dB 
gain and the noise figure was about 5 dB. 


1. Diode used in experiments 


The silver bonded diodes used in our 
experiments were made by the following 
process; after a silver whisker containing a 
small amount of gallium was brought into 
point contact with an n-type germanium 


a 
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wafer, an electrical forming current was ap- 
plied to it by discharging current from a 
capacitor. 

In general, during electrical forming a 
large current is passed through the diode 
one time; but we used a new method, in 
which the electrical forming was performed 
several times instead of once, the capacitor 
voltage was increased step by step. By this 
method diodes having a uniform character- 
istic could be easily obtained by observing 
the static characteristic with a cathod-ray 
oscilloscope. We measured the characteristics 
of the diodes which were constructed in a 
1N23 type holder. We also used the 1N23B 
and point contact germanium diodes in our 
experiments. 


2. Condition for the Parametric Oscil- 
lation of Semiconductor Diodes 


In this section we will discuss the con- 
ditions for the parametric oscillation of semi- 
conductor diodes. The equivalent circuit of 
the semiconductor diode is shown in Fig. 1, 
where R,; is the spreading resistance, R, is 
the barrier resistance and Cz is the _ barrier 
capacitance. When a reverse bias voltage is 
applied, R,; becomes very high and_ the 
equivalent circuit includes only R,; and Cz. 
The equivalent circuit of the diode whose 
breakdown voltage Vz is low like that of a 
microwave diode is shown in Fig. 2, where 
Cmin is a minimum capacitance at the break- 
down voltage and C a variable capacitance, 


Cs=C>- Coin. (1) 


Let ¢ denote a contact potential difference 
at a contact point, and V denote the 
applied voltage at the barrier. It has been 
found empirically that C can be represented 
in the form of Eq. (2) (refer to Fig. 10): 


Ce 


Tie. 


: (2) 


where C,. and n are constants. 
Next, let 


V=V,)+Vi cos 2ot (3) 
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Fig. 1—Equivalent circuit of a diode. 


Fig. 2—Equivalent circuit of a diode with 
reverse bias voltage. 


V; cos: 2 wt 


Fig. 3—The voltage which is applied 
to the barrier. 


as shown in Fig.3, where Vy) is the d.c. 
negative bias voltage, V, the maximum 
amplitude of the pump voltage and @ the 
angular frequency of the amplified signal. 
And if we assume 


[Vil < |Vol (4) 
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Fig. 4—Tuned circuit including a diode. 


from Eqs. (1), (2), and (3), Cs can be ex- 
panded into a Fourier series, and if the third 
and the subsequent terms are neglected: 


Cp==C)+2C, cos 2at. (5) 


Inserting Eq. (3) into Eq. (2), and expanding 
Eq. (1) into a fourier series, we can find Cy 
and C,. 

Ratio Ci) Cy is 


Ms _ 
Zz {@ = Vo) ain (Cnin/'Ce) (o— Vo) ay : 


(6) 


CYlEg= 


This ratio C,/Cy) is an important factor for 
the properties of microwave  paramntric 
amplifiers, the gain band product of the 
amplifiers is proportional to C,/C). 

Next, we consider conditions of oscillation 
when the diode is inserted in a_ turned 
circuit as shown in Fig. 4. If we neglect the 
resistive component of the circuit except 
that of the diode the Q of the circuit is 
determined by the Q of the diode, which is 


given by the following formula 


1 


Q= 5G ® 


The value of Cz decreases as the negative 
bias voltage becomes larger and this value 
becomes Cnin at the bias voltage Vz. 

At this point Q has its maximum value, 


Onn: 


1 


Qmax See Ce - (8) 


Where f. of Eq.(9) is called the cutoff 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


frequency, which is an important factor for 
showing high frequency characteristics 


il 
——————— 9 
fe 2tCminkts C ) 
The condition of oscillation is given by 
Eq. (10) 


Therefore C,/C) and Qmax must be large for 
oscillation. First we will consider the 
condition necessary to increase the value of 
C,/Cy. From Eq. (6), a large amplitude of 
V, is favorable for large C:/Cy). However if 
we use too high a voltage for Vi, the 
instantaneously impressed voltage either 
extends into the forward region or become 
greater than the breakdown voltage, and the 
loss due to the barrier conductance increases 
excessively. Therefore to prevent excessive 
loses, the values of V,; and V>» cannot be 
selected independently each must be selected 
on the basis of the value of the other. Also, 
it is desirable for the ratio of Cmin/C. the 
denominator of Eq.(6) to be as small as 
possible in order to obtain a large ratio of 
C,/Cy. Therefore it is important that the 
value of Cmin be as small, and that the 
value of C. be as large as possible. 

It is also necessary that Cmin and R,; be 
small for large Q. If it is assumed that the 
noise of diode comes mainly from the 
thermal noise of the equivalent resistive 
component, Cg and R, must be small, for 
decreasing the noise coincides with the 
requirement of high QO. As Cyin, Rs etc. are 
determined by manufacturing process of a 
diode, a superior process must be selected. 


3. Measurement 


The block-diagram of the measuring circuit 
is shown in Fig.5. The impedance of the 
diode was measured using a_ coaxial type 
standing wave detector at 6kMc. Barrier 
impedance was obtained from the measured 


value by subtracting holder capacitance, 
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Fig.5—Block diagram of measuring circuit. 


spreading resistance, and whisker inductance 
which are also measured by the same 
detector. In the measurement forward and 
reverse biases voltage were applied to the 
diode. The breakdown voltage was defined 
as the reverse voltage at which 
current was 100 A. 


reverse 


4. The Result of Measurements 


4.1. Variation of Barrier Capacitance 
with Bias Voltage 


We measured several types of diodes. 
Small signal admittances of the 1N23B are 
shown in Fig. 6, and those of two silver 
bonded diodes are shown in Fig.7. The 
voltage-current characteristics of the measured 


diodes are shown in Fig. 8. The silver bonded 
diode has larger forward conductance and 
much smaller reverse conductance than the 
other diodes. From Figs.6 and 7, it is 
found that the barrier conductance and 
susceptance of the diodes increase with 
forward bias, and they become infinite at 
over +0.6 V. In the reverse bias region the 
conductance component becomes almost 
constant; and only the susceptance com- 
ponent, that is the barrier capacitance, varies. 
As the reverse bias voltage nears the 
breakdown voltage, the conductance com- 
ponent increases. 

The variation of barrier capacitance Cz, vs. 
bias voltage is shown in Fig.9; abscisa is 
the value of (6—V>), and the point marked 
0 is the point of 0 bias. Then the right 


Fig. 6—Barrier admittance of 1N23B diode. 
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Fig. 7—Barrier admittance of silver 


bonded diodes. 


#=6kMc 
Z6= 500 


side from 0 shows the reverse bias region 

and the left side shows the forward bias 

SB_ 49 region. In the reverse bias voltage region, 
SB where the static capacitance of the point 
“a contact is not effective, the variation of the 
barrier capacitance agrees with the theoreti- 
cal value, but in the forward bias region Cz 
increases more steeply than theoretical value. 
It is belived that this phenomenon is due 
oe to diffusion capacitance; it is known that a 
diffusion admittance occurs in the forward 
bias region and that the conductance 
component and the susceptance component 
of the diode become equal in the microwave 
region. Therefore the barrier forward ad- 
— mittance must follow the dotted line in 


Fig. 7. In addition it has been discovered by 
Kita that the barrier susceptance of such 
diodes becomes inductive in the forward 
bias region at microwave frequencies, as 
shown by the curve for diode SB-49 in 
Fig. 7, and it has been proven by Mr. Kanai 


4] that the phenomenon is due to conductivity 
modulation. Therefore it is considered that 
Fig. 8—Voltage-current characteristic of diodes. the curve of diode SB-39 obtained experi- 


mentally is the superposition of the diffusion 
admittance (i.e. dotted curve) and_ the 
inductive components. 


Next, the curves of Csg—Cmin vs. bias 
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Fig. 9—Barrier Capacitance vs. ¢—V). 
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Fig. 10—Cz—Crmin vs. o— Vo. 
Table 1 
DIODES CONSTANTS 
R Cn in Cin i nR We 
(0) (@F) (Fa) (kMce) @/% 


Silver 
Bonded 5-10 0,1-0.2 0:32-0:16 150-300 0.8 
Diode 


1N23B 36 O25 9 18 0. 02 
Point contact 

Germanium 36 35} 5.4 29 0. 02 
Diode 
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voltage are shown in Fig. 10. 

Variation of Cs—Cmin is almost linear 
when plotted on log-log paper except near 
the breakdown voltage. This proves that 
the approximation of Eq. (2) is correct. 

We obtained Rs, Cnin and C. from the 
measurements, and they are shown in Table 
1. Cuin and R; of the silver bonded diode 
are smaller and C;/C) is greater than those 
of other diodes. Therefore it is found that 
the silver bonded diode is most suitable for 
use as a parametric amplifier diode. 


4.2. Effect of Electrical Forming 
oz the Diode Characteristics 


As previously mentioned our electrical 
forming has used capacitor discharge current. 
In this case forming voltage is increased 
step by step. By this electrical forming the 
voltage-current characteristics of the diode 
are changed as shown in Fig.11;_ the 
forward resistance decreases, but the reverse 
characteristic is almost invariant and thus 
the overall characteristics are improved. In 
Fig. 11 the circled numbers represent the 
number of times the electrical forming 
current was applied, and 0 represents, the 
point contact without forming. We measured 
R;, Cmin, and C,; and the results are shown 
in Fig.12. The abscisa is forward current 
at +1V. It is found that according to the 
number of times of electrical forming R; 
decreases, and that Cin does not increase 
until the forward current reaches 100 mA, 
but it increases abruptly when the forward 
current becomes larger than this value. 
Therefore Cnin Rs take minimum values at 
about 100mA. Since C. increases with 
forward current, Cmin/C. decreases with 
forward current. As a results, we found the 
best electrical forming condition gives a 
diode in which forward current is 100mA 
with a forward bias voltage of +1V. 


5. Characteristics of the Parametric 
Amplifier 


We made a 6kMc parametric amplifier 
using a silver bonded diode. Pump frequency 
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Fig. 11—Variation of voltage-current character- 
istics caused by electrical forming. 


was about 12kMc and pump power was 
about 20 mW. The bandwidth was 40 Mc at 
20 dB gain and the noise figure for single 
sideband was about 5dB. It will be 2dB 
for double sideband. 


Conclusion 


It was found that the silver bonded diode 
has superior characteristics when used as a 
microwave parametric amplifier diode. We 
made a parametric amplifier using the silver 
bonded diode, and an amplifier with good 
characteristics was obtained. The authors 
wish to express their gratitude to Messrs. 
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Forward Current at +1 V (mA) 


Fig. 12—Variation of diode characteristics caused 


by electrical forming. 


Nakamura, Someya, Masuda, Oguchi, Oka- 
jima, and Inage for their valuable help and 
suggestions during to this work. 
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VHF Crystal Polishing and the Nature 
of Polished Quartz Surfaces’ 


Ichiro IDAt and Yuzo ARAI}+ 


The highest frequency of VHF crystal units in practical use produced by lapping is 
considered to be about 75 Mc/s; and this limit seems to be caused by vibration loss due 
to irregularities of the surface of the quartz. Therefore, in the first place, polishing 
techniques for finishing the surface to a high degree have been pursued with regard to 
the working methods, processes, and precise measurements of the mechanical quantities of 
quartz plates, which will lead to the establishment of a basis for making crystals with 
frequencies of up to 140 Mc/s with sufficient yield. In the second place, from our under- 
standing of the deformation of thin polished plates, the nature of skin stress, stages of 
worked layers, and depths of mechanical disturbances have been explained. With the 
results thus obtained, the mechanism of polishing quartz that is explained as the aggre- 
gation of micro-scratchings by points of abrasives in the process of polishing is described. 
Further, a model of the polished layer, by which mechanical factors having influence on 
the vibration loss may be suggested, is shown. 


Introduction 


The practical frequency limit of VHF 
crystal units obtained by lapping is con- 
sidered to be about 75 Mc/s. This is because 
the roughness and cracks left on lapped 
surface have a serious influence on_ the 
vibration loss of the crystal units, since the 
dimensions of these imperfections are not 
negligible compared with wave-length of the 
elastic wave in the higher frequency range. 
“> The surface of quartz plates, therefore, 
must be finished to a high degree in order 
that crystal units having the desired proper- 
ties may be produced in the high frequency 
range. Also, the plates are extremely thin 
and must be accurately parallel. These 
requirements mean that, in the polishing 
technique for a thin, brittle material such as 
quartz plate, some specific and _ difficult 
problems come to the front that do not 
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arise in polishing of optical materials nor in 
mechanical lapping. 

Although Twyman gave general working 
conditions for polishing quartz in optical 
workshops,‘ he did not touch on the 
appropriate method for thin plates whose 
thickness is as small as 35y. On the other 
hand, several studies on the nature of 
polished quartz surfaces by electron  dif- 
fraction, including Kamogawa’s unique 
study,“ have been made, but they were all 
concerned with the Beilby layer itself, so 
that its relation to working methods or 
conditions have not always been clear. 
Moreover, Gerber has already reported that 
the characteristics of crystal units obtained 
by polishing were excellent,“ but he did 
not describe the details of how to work 
oscillator-plates nor deal with the mechanism 
of polishing quartz. 

In this paper, with the development of a 
polishing technique for very thin quartz 
plates whose frequency is up to 140 Mc/s, 
the nature of polished layers of quartz is 
studied from the standpoint of residual stress 
and deformation of the quartz plates. 
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1. Polishing of VHF Crystal Units 


In this chapter, working method, process, 
and measurements of mechanical quantities 
of quartz plates are described ; and the 
experimental results are discussed from the 
viewpoint of working accuracy in connection 
with the polishing of about three hundred 
plates, whose thickness ranged from 0.035 
to 0.15 mm. 


1.1. Working Method 


1.1.1. Problems in Polishing 


By polishing, the surface can be mirror- 
finished with the roughness and_ cracks 
originating in lapping, which cause a_ great 
number of concoidal fractures to brittle 
materials, removed. Also, the mechanism of 
polishing is discussed from various points in 
view ; which include: micro-cutting ; plastic 
flow ; chemical reaction, especially hydro- 
lysis ; melting ; etc. Therefore, the principle 
of a lapping machine, in which the working 
accuracy depends upon geometric elements 
and kinematic conditions, can not be applied 
to polishing. That is to say: 

(1) It is indispensable for obtaining 
accuracy to make the ratio of the diameter 
of the lap to that of the work greater than 
a certain definite value ; but when used ona 
pitch polisher the value of this ratio is 
limited by difficulties in forming and trueing 
the lap. ; 

(2) Though the resultant rotatory motion 
including spinning will ensure the accuracy 
of plane lapping as already described,“ it is 
necessary in this case for the work to be 
supported in a free state. Since, in polishing, 
the resistance between both contact surfaces 
becomes large, the work will be broken if it 
is supported freely, and the thinner the 
plate, the severer the breaking will be. 

(3) In the case of free support of the 
work, low trueing ability of the polishing 
abrasives makes the polishing of only the 
peripheries of the work’s surface possible ; 
and this will be accelerated by light loads. 

(4) If a solid polisher is used, origination 
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of scratches will be unavoidable, thus 
resulting in a marked reduction of the 
polishing effect. By the use of a synthetic 
plastic lap, the application of plane parallel 
lapping will be possible to a certain degree ; 
in which case, however, the finish and 
accuracy obtained will be insufficient. 

(5) In addition to the problems mentioned 
above, thickness of plates may be as_ small 
as 1/140 to 1/400 of their diameter. More- 
over, accuracy must be of the order of 0.1 yp. 
Thus, the conditions for making thin 
oscillator-plates are very severe. 

As seen from these problems, the first 
consideration in the development of the 
working method for quartz plates by polish- 
ing instead of lapping should be the study 
of a working machine, methods, and process. 


1.1.2. Motion of a Lens Polishing Ma- 
chine 


In an analytical treatment of the motion 
of a lens polishing machine including 
reciprocation, coordinates are determined as 
shown in Fig.1, and the motion at any 
point on the work is observed. The motion 


is composed of reciprocation of a_ lever, 
rotation of a block around a_ post and 
relative’ revolution of a _ pitch polisher. 


Therefore, the locus on a pitch polisher for 
any point on the work is determined by the 
rotation of the fixed coordinates of the 
crank and the lever to the rotatory coor di 
nates of the pitch polisher. Thus the 
position of point V is expressed by 


xy = —R(¢—as) sin Ce-ty—2) 
+r(@2—w3) sin (0+7—T) 
—fo3 sin (a+7y—T) 
Vis —R(¢—a03) cos (¢+7—T) 
+ r(@2—3) Cos (6+9—T) 
—fow3 cos (a+Hn—7), 
where ¢ is 


the angular velocity of the 
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O : Center of Pitch Polisher 6 : Revolution Angle of Point Vabout 

P : Center of Crank Disc XSY Co-ordinates 

Q .: Connecting Point between a : Angular Position of OS about 
Connecting rod and Crank XSY Co-ordinates 

R : Connecting Point between t : Revolution Angle of Pitch Polisher 
Lever and Connecting Rod about Fixed Co-ordinates 

S : Center of Revolution of Lever 7 - Angle between xO and XS 

M : Supporting Point of Arm on f : Distance between Pitch Polisher and 
Lever Center of Lever 

T : Position of Post m.. Length of Arm on Lever 

V : Any Point on Work p : Distance of Post on Arm 

1 : Radius of Crank PF: Distance between Center 

a@ : Length of Connecting Rod of Lever and Post 

6 : Length of Lever r : Distance of any Point on 

¢ : Length of Fixed Link Work from Center of Post 

é€ : Distance between Pitch Polisner 
and Crank Disc 

@ : Revolution Angle of Crank 

¢ : Revolution Angle of Lever 

e : Revolution Angle of ST about 


XSY Co-ordinates 


Fig. 1—Motion of a lens polishing machine. 


lever,* w: that of the block, and 3; that of 


—2Rr(g—ws) (w2—as) cos (6—e) 
the pitch polisher. 


Elimination of ¢ from the above two +2Rf(¢—ws) 0s cos (a—e) 
equations leads to the locus, and by com- 
position of x, and jy, the resultant velocity —2rf(w:—3)@3 Cos (6—a) 


of the point is obtained as follows: 


As seen from these equations, the tracing 


U?=R?2(d—o3) +°(w2—03)? +f 2092 of the curve is not easy, and besides, if the 
s ( 1—ccosa,t ; csin ant{e+ 1 +0 +0?—a? +2¢ cos ait) /1+e+2¢ cos ab} - 
Dents 14+@242ccosat »/4b* 1 +c! +2¢cos wt) —{A+C+0? +a) +2ccos «,t}? ) 


where «, is the angular velocity of a crank. 


Wa 


working condition, for instance the crank’s 
radius changes, (Fig.1) all the other 
conditions will vary too. This suggests that 
the numerical calculation has little meaning. 
Moreover, the above analysis was made on 
the assumption that no deformation occurred, 
despite the fact that it occurred every 
moment in polishing. From these consider- 
ations, the treatment of the motion of the 
polishing machine should be experimental, 
and then the main part of motion is 
assigned to reciprocation because of its being 
nearly equal for all positions, even if it 
varies with time. In addition, revolution is 
given to the pitch polisher with a speed 
lower than that of the crank with a view 
to compensating for the radial inequality 
which would arise if only revolution were 
given. 

Consequently, in this study, the standard 
speed is fixed at 9.5 rpm for the main axis 
for the pitch polisher and at 40 rpm for the 
crank ; while the standard amplitude is ar- 
ranged to be 60 mm on the post attached to 
the arm. 


1.1.3. Polishing Process 


Plates to be polished are AT cut round 
crystals of 0.035 to 0.15mm_ in thickness 
and 14mm in diameter, and these must be 
worked precisely to the order of 0.1 and 
with a mirror-finish of the order of 0.01 pu. 
Fig. 2 illustrates the polishing process, with 
the main process shown in thick black lines. 
Generally speaking, the process consists of 
lapping as a preliminary step, polishing to 
give a mirror-finish, and optical contact for 
fixing plates with high precision ; including 
measurements of such mechanical quantities 
as parallelism, flatness, and roughness. 

As described later, if thinly lapped plates 
are polished on a single side, they will be 
deformed concavely on the polished side, 
because of the extremely large compressive 
stress on the lapped surface.* Then, the 
thickness of plates before the final polishing 
is determined to be about 0.6mm, with 


* The reason for this phenomenon will be discussed 
in Chapter 2. 
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roughness given by hand _ lapping with 
elutriated AO Emery No. 304 being about 


0.5 u. At this time, 37 plates fixed to a 
block with pitch or paraffin are simul- 
taneously worked. Parallelism#{ must be 


within 0.03 mm, while it is necessary for 
flatness to be within 0.5 for the diameter 
of 110mm over which the crystals are 
arranged, assuming that the upper surfaces 
and the lower surfaces of these crystals 
comprise one continuous surface. For polish- 
ing, abrasives of cerium oxide are mixed 
with water and become pasty. They are 
supplied to the pitch polisher, on which 
hexagonal meshes are serrated, at intervals 
of 5 to 10 minutes. The polishing pressure 
ranges from 10 to 40 g/em®. As shown in 
Fig. 3, the pitch polisher is located beneath 
the work in the case of a cemented holder, 
while it is located on the work in the case 
of an optical flat holder. 


1.1.4. Optical Contact Method 


If a quartz plate has poor parallelism, 
especially if it is wedge-shaped, vibration 
activity will be lowered. Therefore, the 
application of cement generally used for 
such working will be impossible in the final 
polishing process due to cementing errors, 
cementing strains, dimension change etc.. For 
this reason, the optical contact method,‘ 
which is said to make both precise surfaces 
closely contact each other through diffused 
water films, should be applied. In view cf 
the very small thickness of the plates and 
the simultaneous fixing for many plates, the 
following method is adopted here in practice : 

(1) In consideration of the attaching 
strength and the cementing strain which is 
likely to occur, the thickness of a plate in 
optical contact is determined to be about 
0.6mm with flatness of about 0.1 4, while 
the flatness of the optical flat to be contacted 
to plates is within 0.3 over the effective 
diameter of 120 or 130mm. These samples 


{ Pallallelism#, in this paper, refers to the difference 
between the maximum thickness and the minimum 
thickness of the thickest and the thickness crystals 
being worked. 
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Post 
Lever— 


— Cementing 
block 


Pitch polisher 


Connecting — 
rod (of the 
second 
machine ) 


mm —Pitch polisher 


— Quartz plate 


Optical flat 
for optical 
contact 


(b) In the Case of an Optical Flat Holder. 


Fig. 3—State of polishing. 


t: 09mm Diameter: 120 mm. 
(a) Quartz Plates (b) Optical Flat Surface 
(Experiment V) (Experiment III ) 


in the Free State. 


Fringe Interval =0.3 yp 


Fig. 4—Interference fringes showing flatness of surfaces to be optically contacted. 


VOLUME 8, NUMBERS 3-4 MARCH-AFRIL 


are photographed in Fig. 4. | 

(2) After polishing, crystal plates and 
optical flat are immersed in a_ solution of 
potassium dichromic acid dissolved in water 
for 24 hours, and then washed with distilled 
water and ethyl alchohol. In effecting 
contact, pure or distilled water is made to 
run out to make both surfaces touch in a 
wet state so as to bring about Newton’s 
one colour by making use of a bamboo 
tweezers. 

(3) After both plates and the optical flat 
have been kept in a deccicator for 5 to 24 
hours, the peripheries of the quartz plates 
are covered with a water-proof compound 
and then left again in the deccicator for 24 
hours. 

For the water-proof treatment, three 
methods as shown in Fig.5 were tried, of 
which the one illustrated in the same 
Figure, (d) was found to produce the best 
result. In this method, a minute annular 
step with a depth of about 0.3m and a 
width of about 2mm is etched by a 
saturated solution of ammonium bifluoide in 
water for 10 minutes, and then paraffin is 
melted into this part at about 80°C. As a 
result, whatever the thickness of plate may 
be, the protected area is wide enough to 
give a complete protection against water 
immersion. 

(4) In detaching the plate from optical 
contact after completion of polishing, a 


— 


Manometer 


1960 125 


Compound 
tor the Protec- 
tior against water 

\ , 


Quartz 
plate 


“Optical flat ‘ ace: 
(a) Coating of pitch dissolved (b) Coating of pitch dissolved 
in lacquer thinner in jacquer thinner 


(c) Edging and Melting of Paraffin 
. 1S AT Sc y 
+ oe aye 


(d)Minute Stepping by Etching 


Fig. 5—Methods of protection against water 
in optical contact. 


safety razor blade is inserted under the side 
of the plate, making it deform elastically. 

After accomplishment of optical contact, 
final lapping is continued until the thickness 
of plates becomes thicker than the desired 
value by about 2, ; also taking care to 
measure and correct for errors in parallel- 
ism,#{ as will be described in the next 
paragraph. 


1.1.5. Adjustment of Parallelism#{ by 
Eecentric Loading 


For one-sided working or single surfacing, 
Adjusting ring 
— of jet nozzle 


Standard annular 
disc 


~~ Quartz plate 


Serration 


Fig. 6—Measuring apparatus for parallelism#{ of plates. 


+ Refer to the footnote on page 122. 
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measurements of parallelism#{ and  ad- 
justments based on the results of the 
measurements are necessary not fo produce 
wedge-shaped plates. A standard annular disc 
equipped with the jet nozzle of a pneumatic 
micrometer, whose magnification is 11,000, 
is placed on the work surface ; and measure- 
ments on the peripheries of the plates are 
made after working the platesfor periods of 
five to ten minutes. In Fig. 6, its appearance 
is shown. 

Thus, the highest position is worked, with 
an eccentric load given. In this case, in 
order to cause no kink on the worked 
surface, the following conditions will come 
to be necessary, if the pressure increases 
proportionally to the distance (2, y) from 
the center O as shown in Fig. 7. That is to 
say: 


asr/4, 


W+Wa é 
4Wa 


l 


A 


= 
= 


Fig. 7—Application of eccentric loading (Rumsay). 
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Moreover, / is selected so as to be maxi- 
mum under the following conditions in 
order to obtain the maximum efficiency ; 


That is, 
Was W/3, 


where W is the weight of the block fixing 
the crystal plates, Wa the weight of the 
eccentric load, a the distance of action of 
resultant force and r the radius of the 
block. These values used are given in Table 
1 


Table 1 


CONDITIONS FOR ECCENTRIC LOADING 


ee | 1.092 1. 360 
ie ac = 
a/r,R~ | 9204 | 0.293 | 0.345 0. 425 
a/R 0. 107 | 0. 153° 0,159" 1 ze 
: | _ 
R 2.5 4a, | ts eee 


Where R is the ratio, 


maximum pressure/minimum pressure. 


During this adjustment, flatness for the 
diameter of 110mm must be maintained with- 
in 0.5 w, the reason being to be described in 
the next section. 


1.2. Measurements of the Mechanical 
Quantities of Quartz Plates 


Roughly speaking, this measurement work 
is composed of the measurements of the 
mechanical accuracies of the plates during 
working, measurements of the plate thickness 
during final polishing, the measurement of 
mechanical quantities of the crystal plates 
such as paralleism, and flatness after com- 
pletion ; also the inspection of surface quality 
both during working and after completion. 


{ Refer to the footnote on page 122. 
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1.2.1. Flatness Measurement During 
Polishing 


Geometrical causes for the plates’ having 
thickness variation may be classified into (1) 
error of parallelism#t over plates fixed, (2) 
wedge caused by error of flatness of polished 
surface and (3) wedge caused by an error 
in the flatness of the optically contacted 
surface. : 

The paralleism of a quartz plate, Az, is 
expressed by the following equation. 


At=(ai/4R)(m+4N ). 


where Rmm is the effective radius of the 
optical flat used to hold the crystals, @amm 
the diameter of each crystal, \ » the wave- 
length of the light used, m the number of 
fringes arising from cause (1), and N the 


As seen from the above equation, poor 
flatness has a _ serious influence on the 
variation of thickness of the plate, so that a 
value of flatness within 0.5, for entire 
working area will be necessary in the final 
lapping stage. 

Fig. 8 (b) shows the optical path of a two 
beam interferometer, whereby the whole 
surface with a diameter of 120mm can be 
recorded. Quartz plates of Fig. 9 (a) have been 
almost completely polished with flat surfaces, 
while those shown in Fig.9(b) still have 
grayness with edges “turned down.” 

As polishing continues, a pitch polisher 
becomes deformed and gradually wears out; 
and the degree of such deformation will be 
accelerated, unless trueing is applied. Generally 
speaking, this trueing work is a laborious 
job, because it is done by heating, forming, 
rubbing etc.. Therefore, with a view to im- 


number of Newton’s rings arising from proving this procedure, polishing of plates by 
causes (2) and (3). one machine, and trueing of a slightly de- 
Sodi | 
reek odium lamp 
or 
film 
Projection 
Hae A d Projection 
f g silvered Condenesr ~~. rojection 
50mm on both sur f 130mm lens f 50mm 
faces f 


Quartz plate 
Optical flat are EAS 
(not-silvered )~~—_ — 


Condenser 
# 120mm i 


prism 


: Collimator lens 
Vamp £120mm 


(a)- Optical Path for measuring Paralleilsm 
Fringes. 


by Multiple Beam Fizeau 


Fig. 8 (a) and (b)—Optical arrangements of interfero 


t- Retctangular 


45°halt—— ~ yi 


mirror N film 
—— Objective 
f 200mm 
__=~Optical flat 
ce 
¢ ————-— Quartz plate 
Se . 
| \ ~—Optical flat holder 
/ \ 
DEAT AI OE 


Image of two beam Fizeau fringes 


(b)- Optical Path for measuring Flatness 
by Two Beam Fizeau Fringes. 


meters used for measurements 


of mechanical quantities of quartz plates. 


& Refer to the footnote on page 122. 
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Screen or 
film 
| 
Eye piece 
x5~x10 
: 6 ~x me Hae ce 
* Screen or 
Quartz plate J plate’ 
Pac 
: C Movi x 
Condenser ee oving Projection 
f 60mm lens 
Condenser 
. Sodium 
lamp 
45°halt mirror 
ae . Bs (d)- Optical path for measuring thickness 
i variation by Haidinger  inter- 
‘Collimator tens : 
£30 mm ference fringes. 
(c)-Optical path for measuring rough- 
ness by multiple beam Fizeau 
fringes. 
Fig. 8(c) and (d)—Optical arrangements of interferometers used for measurements 
of mechanical quantities of quartz plates. 
(a) Almost Polished, (b) Grayness Still Remains, 
in Experiment If, in Experiment V, 
no Detachment, t 0.092 mm. 
t 0.134 mm. 
Fig 9—Examples of finally polished surfaces of quarty plates. 
formed pitch polisher on an optical flat by 1.2.2. Measurements of the Mechanical 
another are performed simultaneously. This Quantities of Quartz Plates 


makes the reproduction of flatness easier, 
together with shortening the working time. 
The outline of this method jis illustrated in 
Fig. 10. 


In effecting the measurements of _parallel- 
ism, flatness and roughness of quartz plates, 
silver is evaporated on to the surfaces of 
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130mm dia. 
ee 
(py | 
( Lp GL (LL LLALLLLE iy) ue 
Cea i 
on : 
180 ¢ 
110 mm dia. 
aa ____—Pitch polisher for 
ae final polishing 


2 


©) -|=<—— Opticaltlat for 
- trueing 


\t _ Pitch polisher for final 
<> oo polishing 
_-— quartz plates 
Liss 14 mm dia. -37 pieces 


Se SES S a — — Optical flat for 
SR cad ES 


optical contact 


130 mmdia.’ 


Fig. 10—Trueing of flatness by polishing 
with an optical flat. 


the quartz and the optical flat at a vacuum 
of (1 to 1.5)x10 * mmHg, .and-~multiple 
beam‘® Fizeau fringes are produced between 
both surfaces of the quartz plate (parallelism) 
and between the surfaces of quartz and 
optical flat (flatness and roughness). For 
excellent parallelism that cannot be resolved 
by Fizeau fringes, thickness variation along 
the diameter of the plate is obtained by 
Haidinger fringes. 

For roughness, a metallurgical microscope 
is used. Optical arrangements used in these 
measurements are illustrated in Figs. 8 (a), (c) 
and (d). 

Samples measured by microgeometric 
fringes are shown in Fig.11. The most 
noteworthy fact is that the local variation of 
thickness occures in a plate cemented to a 
block as shown in Fig. 12. 
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1.2.3. Inspection of Surface Quality 


During polishing, a dark field reflection 
microscope with a magnification of 200 to 
400 is used to inspect for the existence of 
grayness or scratches ; examples of which 
are photographed in Fig. 13. 

After completion, a Schlieren microscope 
in transmission, whose optical arrangement 
is shown in Fig. 14, is used with a magnif- 
cation of 90 to 165. This apparatus chiefly 
consists of a metallurgical microscope and 
the objective lens of an auto-collimator. 


1.2.4. Measurement of Final Thickness 
ef Crystal Plates in Contact 
with Optical Flat Holder 


Thickness of a plate in optical contact 
with an optical flat is measured by a 
pneumatic micrometer to a extremely high 
degree of accuracy (of approximately 0.5 ) 
by comparison with block gages. However, 
if the interference method is applicable, the 
measurements will become more precise. For 
this reason, an interferometer with stepped 
reference surfaces has been made for trial. 

This apparatus consists of the optical 
arrangements as shown in Fig.15, in which 
two block gages of known thicknesses are 
wrung in to a single reference surface. The 
difference in thickness between these gages 
is compared with the height (thickness) 
between the upper surface of a quartz plate 
(polished) and the optical flat’s surface. As 
shown in the lower part of the same Figure, 
two zero order fringes, which are produced 
by the measured surfaces and the stepped 
images which are produced by a beam 
splitter, appear in the field of the low-power 
microscope. Between the zero order fringes, 
some fringes may be counted in the follow- 
ing relation, that is to say: 


Taitgt SAS) 


=ht/2)(N+n), 


where T is the thickness of a plate to be 


measured ; t) the difference in thickness 
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(a) Polished Surface (X55) (b) Scratch (x 55) 


Gevmerac C20) ms (d) Local Variaitons of (x30) 
Thickness Caused by the 
Use of Cement( Double 
Fringes due to Double Refraction) 


Fig. 11—Microgeometric interference fringes on quartz surfaces. 


between the two block gages, which is 
known ; \ wave-length of the light used ; N 
the number of fringes between the two zero 
order fringes, and m the fraction of an 
order. 

The above relation means that the 
thickness of a plate which is much _ larger 
than wave-length itself may be measured 
easily and accurately without fringe counting 
or preparation of a very thin reference body. 
The appearance of this interferometer is 
shown in Fig. 16. 


1.3. Polishing of 60-140 Mc Crystal Units 


4: 0.182 mm,Not Vibrated 

In order to meet the purpose of obtaining : 
AT cut crystal units with frequencies as fe Boe ale} Ome YL sa Ne ea wie: 
on ‘b . ; ference Fizeau fringes indicating the 
ign as possible, nine experiments aes local variations of thickness of a 
performed and the results of these experi- 


quartz plate caused by the breakage 
ments are summarized in Table 2. of optical contact. 
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Surface | 
with AO E 


0.01 mm 


S ee 


Me (b) Scratches 


(c) Grayness 


1.3.1. Parallelism#{ during Final Lapping 

Parallelism#{ converges to within ly as 
shown in a few examples in Fig.17. The 
net lapping time required for obtaining 
parallelism#{ of this order covered a relatively 
wide range from 30 to 250 minutes, and it 
was not always proportional to the number 
of times of adjustment which ranged from 7 
to 28. This is of course dye to. the overload, 
and is also dependent on the flatness of the 
whole lapped surface. 

1.3.2. Flatness of the Surface Optically 


Zircon 


apped 
mery +# 304. 


Lai 


Fig. 13—Microphotographs of quartz 
surfaces in the dark field. 


Schlieren “Blende” 


Cut-off. Quartz plate --~_ 
plate. with 

Straight edge schlieren .: 
Schlieren. 


light cee) ES + 350 mm 
! — 


Contacted ip 


Plates optically contacted have a thickness 
of 0.6-2.2mm and their flatness are all 


Condenser 


Film or screen 


Eye piece 
(x15 ) 


Objective / 
(x6-x11) ¢ 


Se Gea 


45° halt 
mirror 


Fig. 14—Optical arrangement of Schlieren 


{t Refer to the footnote on page 122. 
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Table 


TOTAL RESULTS OF POLISHING 


Number of Experiment if I I 
Initial Thickness, mm PR bs) 2S On 
Number of Plates Worked Simultaneously Bi) 31+6” 31+6 
= 7 Sar . 

1» = = ipl 

2 = = itis) 
Working Time until Attainment of 3 = 2 17 
Optical Contact A 4 c 

Total ~ = | 43 
i" | 

Polishing Position before Optical Contact Upper” Lower” | Lower 
Thickness when in Optical Contact Dae 2a 0.6 
Diameter of Optical Flat above 120 120 | 120 
Flatness of Optical Flat above 4-0. 15 +0. 3 | -—0.1 
Days Necessary for Flatness above 40 30 20 
Time in the Deccicator after Optical Contact, Hours 5 | 5 5 
Lapping Time after Optical Contact, Hour — = 4 
Thickness of plate at Commencement of 0. 155 
Adjusting Parallelism,#{ mm G 4 : 
Aggregated Times of Working and Measurement 
after Adjusting Parallelism#{; Hour = a 3 
Adjusting Number 20 2 uf 
Parallelism#t, yu 0:3 TAD 0.2 
Polishing Position in Final Polishing Lower Lower Lower 
Kind of Pitch No. 4 No. 3 No. 2 
Figuring Method of Pitch Polisher A? H M? 
Final Polishing Time, Hours | - - AZ, 
Flatness of Finally Polished Surface, 423.8 =20.6 36.15 
Final Thickness of Plate, mm 0.125 0. 148 0. 134 
the Best Parallelism Obtained, p <0.2 =A) ep 0.2 
the Best Flatness Obtained, pu 0.3 <0.1 0.2 
the Highest Frequency Obtained, Mc-Order | 66-the 5th 79-the 7th 87-the 7th 
the Lowest Series Arm Resistance,® 0 29 40 34 


Note: 1) Number of Dammi. 7 
titions. 


t Refer to the footnote on page 122. 


2) Number of faces polished. Number of the repetition over two means repe- 
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2 


VHF CRYSTALS PLATES 


3s} 


le 
IV 
Oi 1.0 1 1.2 12 iG 
Zz Zs 31 | 19 37 37 
16 13 
I, 14 
VY Y 15~20 by removal of grayness with flatness of within 0.3 4 
x ue 
Slee 27 30~40 
Lower Lower Upper Upper Upper Upper 
0.6 0.9 LZ 1.0 1.0 1.0 
130 130 130 120 120 130 
-0.07 ~0. 08 <0.1 <0.1 <0.1 <0.1 
10 1/8 S - hs rs 
5a 24 2~3 by slow-cooling in the furnace 
6 6 = = aS a 
0. 150 0. 170 0.18 0.16 0.10 0. 06 
6 V2 - = = Bes 
28 1) 19 UZ 18 7 
On 0.4 On2 OE AL 0.2 On2 
Lower Lower Lower Lower Lower Lower 
No. 3 No. 3 Ne. 3 No. 2 No. 2 No. 3 
M M Jef H H H 
16 8.3 10 16 9 20 
+0. 18 +0.15 +1.8 +1.0 Sell, D -0.3 
0. 090 0. 092 0. 0782 0. 0963 0. 066 0. 035 
0.5 O22 OW, 0.2 0.3 <0s1 
0.5 0.3 not measured 
92-the 5th 90-the 5th 105-the 5th 120-the 7th 125-the 5th 140-the 3th 
26 25 30_ | 50_ 40_ 10 


3) Work was positioned on a pitch polisher. pol 
concave. 6) Trueing by Forming. 7) Trueing by Polishin 


4) A pitch polisher was positioned on work. 5) + convex, — 
g with an Optical Flat. 8) At the highest frequency. 
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a Eye piece 
White light source | x5~x10 
(Changed to menochromatic 


source for calibration ) 

Apes \ 
fe 1 F _ \ 
SS ey eee 


/| 


/\\ 


<T> Objective 54mm 
Beam 


Two-stepped reterence 
splitter | | surface ; 
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Fig. 18—Optical flats for “optical contact” 
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In Experiment IX 
‘Edge Turn Down’ at the 
Peripheries of Plates Show 
Minutely Stepped Parts 
formed by Etching. 


Fig. 19—The finally polished surface of quartz 
plates shown by interference fringes. 


within 0.1 (refer to Fig. 4). By uniform 
thermal dissipation through scattered pieces 
of sponge rubber, flatness of within 0.3 w 
may be ensured for an optical flat, whose 
appearance is shown in Fig. 18. 


1.3.3. Flatness of the Finally Polished 
Surface 


The flatness of the finally polished surface 
is of course affected by that of the finally 
lapped surface ; but it is also influenced by 
the degree of removal of grayness and the 
thickness of the water-proof compound. In 
the case of a plate with the thickness of 
0.035 mm as shown in Fig. 19, flatness is 
good and parallelism#{ is also excellent owing 
to the complete polishing to be accomplished 
by the effect of minute stepping. On the 
contrary, plates shown in Fig. 9 (b) represent 
bad flatness, with grayness indicated as a 
result of the incomplete finish. In other words, 
optical contact was insufficient to allow con- 
tinuance of polishing until the complete 
removal of grayness. 


“t Refer to the footnote on page 122. 
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1.3.4. Stability of Optical Contact 


The limit of protection by the first method 
using a pitch layer dissolved in lacquer thinner 
as shown in Figs. 5 (a), (b) is about 0.1 mm, 
while that of the second one using edge 
lapping and paraffin as shown in Fig. 5 (c) is 
about 0.06 mm. This is because the dissolved 
pitch layer or paraffin film come into contact 
with the pitch polisher during working, 
thereby causing minute damages to layers and 
their insufficient protection allows water to 
enter into the boundary surface of optical 
contact. 

On the other hand, the third method of 
Fig. 5 (d) does not have the defect mentioned 
above and can protect the optical contact 
completely as stated before. 


1.3.5. Deformation of the Finally 
Polished Surface in the 
Free State 


The finally polished surfaces were deform- 
ed convexly on these side as shown in 
Fig. 20. This phenomenon is quite contrary 
to the so-called Twyman effect,“ that is, 
the deformation becomes concave on the 
polished side. 

In the case of a thick plate, the height of 


(a) ¢ 0.125 mm 
in Experiment II 
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at least 0.6mm is raised over the optical 
flat’s surface, while in the polishing of plates 
of below 0.15mm_ thick, the water-proof 
layer has a thickness comparable with that 
of the crystal plates. This originates scratch- 
ings by polishing abrasives embedded into 
the water-proot layers. Consequently, internal 
tensional strain caused by scratching—i.e.— 
internal compressive stress becomes larger 
on the finally polished surface side. As a 
result, tensional stress will be given to the 
same side for equilibrium, which will lead to 
the convex deformation on that side. 

Concerning this point, discussions in detail 
will be made in Chapter 2. 


1.3.6. Mechanical and Vibrational 
Properties of Quartz Plates 
Produced by Polishing 


Flatness and parallelism of quartz plates 
were measured by “Multiple Beam Interfer- 
ometry” ; examples being illustrated in 
Fig. 21. As seen from these fringes, plates 
whose finally polished surfaces have poor 
flatness are wedge-shaped, while plates 
having good flatness show unresolved Fizeau 
fringes : that is to say, the variation of 
thickness is of the order of 0.01 ~ as shown 
in Fig. 22, which result was calculated from 


Detatched plates 


(b) ¢ 0.090 mm 
in Experiment IV 


Fringe Interval =0.3 y 


Fig. 20—Convex deformation of finally polished surfaces in free state. 
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Fig. 21—Multiple beam interference Fizeau fringes in transmission indicating 
mechanical quantities of quartz plates. 
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Fig. 22—Examples of thickness variations measured by Haidinger fringes. 
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Haidinger fringes. From these results, it may be concluded 
The effect of annealing may be clearly that the polishing has given the desired 


recognized from Fig. 21, and if this fact is results. 
taken into account with respect to the 
results shown in Fig. 20, it is seen that a 1.4. Summary 
kind of disturbance exists in polished layers 
even if the surface is finished to a _ high Development of a polishing technique for 
degree. very thin oscillator-plates is described in this 
Distributions of flatness and parallelism chapter. This may be summarized as follows: 
measured on the greater part of the quartz (1) Problems in polishing were studied 
plates are illustrated in Figs. 23 and 24. with the conclusion that the reciprocation 
Further, characteristics of the crystal units should be the main motion in a_ lens 
using these plates are shown in Fig. 25.‘ polishing machine. 
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Fig. 23—Distribution of flatness of quartz plates before and after annealing. 
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Fig. 24-—Distribution of parallelism 
of quartz plates. 


(2) A standard polishing process was 
established, and, especially for optical 
contact, the basis for polishing very thin 
plates of up to 0.035mm thick was obtained 
by water-proof treatment ; who sefeature was 
the minute stepping by etching on the 
peripheries of plates. 

(3) Conditions for adjusting parallelism#t 
with maximum efficiency without giving rise 
to kink were laid down taking into con- 
sideration its dynamic relations to eccentric 
loading. In addition, convergence of parallel- 
ism was ensured to be within 1 through 
measurement by a pneumatic micrometer. 

(4) That the accuracy varies with work- 
ing conditions was made clear by the use 
of multiple beam fringes, and it was found 
that the measurement of thickness of plates 
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in optical contact may be effected in a 
simple but precise way by means of an 
interferometer with stepped reference surfaces. 

(5) From inquries into the results of 
experiments carried out from the view-point 
of working accuracy, parallelism and flatness 
of most plates proved to be of the order of 
O.1 pe. 

(6) Asa result, it is now possible to 
obtain VHF crystal units for the frequency 
range of 60 to 140Mc/s_ with sufficient 
activity and high yield, so that effect of 
polishing has thus been confirmed. 


2. The Nature of Polished Quality 
Surfaces 


In this chapter, paying attention to the 
deformation of thin quartz plates, the depth 
of the worked layer on the polished surface 
and the corresponding deformations of the 
plates are precisely explained. With the 
investigation of the stages of surface layers 
and of the analysis of residual stresses, 
estimation is made of the function of the 
secondary flaws. 

Taking into consideration the polishing 
mechanism surmised from the above-mention- 
ed results, the nature of polished quartz 
surfaces are discussed. 


2.1. Experimental Apparatus and Method 


2.1.1. Specimens and Their Working 
Conditions 


AT and BT cut plates with dimensions of 
14mm dia. x 0.100 mm thickness, and X cut 
plates with dimensions of 15mm/(Y)x 
14 mm(Z) X 0.0963 mm were obtained by the 
method and process described in Chapter 1. 
Also, AT and BT cut crystals of 14mm in 
dia. and 4mm in thickness, and X_ cut 
crystals of 15mmx14mmxX2mm_ thickness 
were used as specimens for measuring the 
depth of etching. These thick crystals were 
used to avoid deformation of the plates due 
to local etching. 


t Refer to the footnote on page 122. 
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(b) Comparison of polished crystal 
units with lapped crystal units in series arm 
resistance (by Takahara and Kobayashi ) 


Fig. 25 (b)—-Characteristics of polished VHF 
crystal units, 


2.1.2. Method of Etching 


For tracing the deformation process of the 
plates at the time when one side of the 
polished surface is removed, the other side 
(of the polished surface) is covered with 
apieson compound, and then etched with a 
saturated solution of ammonium bifluoride in 
water which has been kept in a _ thermo- 
statically controlled vessel. In this case, the 
etching temperature is kept at 27+0.2°C, 
while the etching time ranges from 1 to 400 
minutes. 

Washing is done with running water, 
distilled water and ethyl alchohol, while 
compound left on the surface is dissolved in 
lacquer thinner and benzine. When the 
etched depth is measured, the apieson 
compound covers the surface of the plate, 
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whose past records are shown in Figs 27 
locally. 


2.1.3. Measurement of Etched Depth 


Since the “weight decrease” method only 
measures the average depth, the accuracy of 
this method is insufficient in the case of 
minute removal of surface layers in polish- 
ing, and moreover, its physical meaning is 
probably ambiguous. 

Therfore, the interference method, whereby 
the depths can be obtained directly, is used 
mainly, and its application is made in the 
following ways: 

(1) Fringes of equal chromatic order‘ 
for etching times of 20 sec. to 1 min. for 
AT and BT cut crystals, and for etching 
time of below 50 minutes for X cut crystals. 

(2) Multiple beam Fizeau fringes for 
etching time of 1-40 minutes for AT and 
BT cut crystals and for etching time of 
50-200 minutes for X cut crystals. 

In addition, the stylus method is applied 
to etching for the time ranging from 20 to 
60 minutes for AT and BT cut crystals and 
from 200 to 400 minutes for X cut crystals. 
It is noteworthy that accuracies of the order 
of 10 A can be obtained in measuring etched 
depth by this direct method. 

The interference apparatus using fringes 
of equal chromatic order and _ its optical 
arrangement is shown in Fig. 26, where two 
reflecting mirrors are used to obtain the 
white light Fizeau fringes in a_ horizontal 
position, with the three prisms also being 
used to make the fringe’s dispersion larger. 


The wave-length is determined by the 
Hartmann’s dispersion formula as follows: 
C 
eas 
ot =a , Gly 


where %, C and d are the constants of the 
spectrograph, which are to be determined by 
the standard wave-lengths (of Hg, Cd and 
Na in this case). 

The etched depth h is obtained from the 
following equation. 
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pale Wi+1 yi ayy (2) 2.1.4. Measurement of Deformation and 
2 ’*#j-’j+1 - Observation of the Crystal Surface 
* : 
where X'j and dy are the wave-lengths at The same apparatus as mentioned above 
etched and polished surfaces, respectively, was used to produce the two-beam Fizeau 
o / 2 . 
with X’ being longer than 2X. fringes, as the lapse of time for evaporation 
For Fizeau fringes, the apparatus shown or other treatments should be avoided so 


in Fig. 8 of Chapter 1 is used. that no change may be caused to circumfer- 
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ential conditions. 

In determining the flatness of a plate, 
after making an oblique projection as a 
function of \/2 through a certain section of 
a plate, a deflection curve is converted to 
the direction which connects both the 
intersecting points of the sectional line with 
edges of a plate. Thus, the maximum 
deflection in this curve forms the flatness* 
as shown in Fig. 27. 


Fig. 27—Determination of flatness from 
interference fringes. 


In connection with deformation of plates, 
states of surfaces are observed, with the 
same positions to be traced by a_ phase 
contrast microscope in transmission and by 
a dark field reflection microscope with a 
magnification of 100 to 400. Moreover, a 
few plates were inspected with an electron 
microscope. 


2.2. Deformation Process of Worked 
Surfaces by Etching 


2.2.1. Relation between Etching Time 
and Etched Depth 


Some examples of etched states measured 


* Taken as -- for convex and as — for concave 
surfaces. 
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with the interference fringes are shown in 
Figs. 28 and 29. From these results it is 
made clear that very sharp steps are obtained 
in AT cut crystals, while ambiguous bounda- 
ries are shown in X cut crystals. 

In fringes of equal chromatic order, it is 
found that Equation (2) holds good between 
wave-length and thickness, while the etched 
depth is, as shown in Fig. 30, expressed as 
one half of the difference between the coordi- 
nates of two parallel lines having the notation 
of NX and NX’, respectively ; in which case 
the 7(X) function of Kéester® is applied. 

Total results of these relations are shown 
in Fig. 31, which may be summarized as 
follows: 


har=200t°4 
for 20 seconds to 40 minutes (3) 


Oe Nel’ 
for 20 seconds to 30 minutes (4) 


eNO 
up to 50 minutes, — (5) 


where A(A) is the etched depth and ¢ 
(minute) is the etching time. 

The above relation of the power function 
corresponds qualitatively to that of the depth 
of the boundbary zone of blue “stain” on 
untreated glass surfaces found by Kinoshita 
and Natsume.‘'” . 

A relatively large etched depth in an early 
stage of the etching suggests in a way a 
change in the nature of the surface layer. 
Moreover, an increase in inclination in the 
latter half of the curves for AT and X cut 
crystals is considered to be caused by the 
removal of secondary flaws and etched patterns 
which will be described later. 

Furthermore, very small etched depths in X 
cut crystals may be due to the close ar- 
rangement of atoms in the direction of 
thickness, which makes the resistance against 
chemical action stronger. 


2.2.2. Deformation Process of Lapped 
Surfaces by Etching 


In order to find the thickness of specimens 
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(a) Etching Time 4 min (b) Etching Time 12min 
(in Reflection). (in Reflection). 


(c) Etching Time 30min (d) Etching Time 2min 
(in Reflection). (in Transmission); X 30. 
Fringe Interval = 0.34 


Fig. 28—Examples of etched depths by multiple beam Fizeau fringes in AT-cut crystals. 


suitable for the measurement of deformation, seems to be done only on the raised part of 
the deformation process was first investigated surface, even at the average depth of 1400 A, 
on a lapped surface obtained by lapping with when deformation is essentially completed as 
Green Carborundum No. 600. shown in Fig. 33 (a). In general, it is ex- 

Fig. 32 shows the results of measurements pected that the rough surface will have a 
by the “weight decrease”? method, from which large etched depth because of the increase of 


the lapped surface is found to be unstable in surface area, but it is necessary for satisfying 
comparison with the polished surface. On the this to assume an equal etching rate for each 
other hand, the average etched depth is small depressed and raised part. Despite the high 
compared with the roughness of 7 to 8 of etching rate in residual cracks on the lapped 
a lapped surface ; that is to say, etching surface, the average depth was obtained from 
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(a) Etching Time 20 sec 
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Fig. 29—Examples of etched depths by fringes of equal chromatic order in transmission. 


the total weight decrease and the apparent 
plate area, and was too small. 

Since the lapping causes an aggregation 
of tensional fractures in such a_ brittle 
material as quartz, residual tensicnal strains 
are left over near cracks, and, as a_ result, 
residual stresses become compressive on 
account of the restriction of material itself. 


For equilibrium of these residual stresses, 
additive stresses occur through bending of 
the plate, which give lapped surface tension- 
al stresses and the other surface (unworked) 
compressive stresses. As a result, if the 
surface already polished is lapped, it will be 
deformed convexly on the lapped _ side 
(concavely on the polished side) as shown in 
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Figs. 34 (a) and (b). Etching applied in this 
stage will cause lapping stresses to be 
removed ; which will, as seen from Fig. 34 (c), 
lead to the decrease of concavity on the 
polished side because of the decrease of 
additive tensional stresses. 

After passage of reversed curvature, com- 
pressive stresses are added on the polished 
side on account of larger stresses or that side; 
that is to say, the lapped surface becomes 
concave, as seen in Fig, 34 (d). 

The continued etching will cause the com- 
pletion of deformation at this thickness, by 
removing for the most part of these residual 
lapping stresses ; and this theory is supported 
by the appearance and increase of etched 
patterns shown in Figs. 34(e) and (f), re- 
spectively. 

Now, in the case of etching of a polished 
surface, the bending force and _ bending 
moment produced by polishing stresses is not 
so large that a plate will not be deformed at 
that thickness as shown in Fig. 33 (b). It is, 
therefore, clear that thinner plates should be 
used for tracing the deformation process of 
a polished surface. 

From the results mentioned above, it may 
be explained that the Twyman effect depends 


on the origination and removal of the 
residual lapping stresses which are com- 
pressive. 


2.2.3. Deformation Process of Polished 
Surface by Etching 


Fig. 35 shows the examples of variation in 
curvature of an un-annealed AT cut crystal, 


while Fig. 36 illustrates the deformation 
process of AT and BT cut crystal which 
are not aiinealed. It may be noticed from 
these results that the reversion of curvature 
occurs nearer to the surface as compared to 


that of a lapped surface, and then, the 
gradually changing stage is long after 
reversion. 

In Fig. 36, etching on convex surfaces 
(E,,) leads to obtaining reversed times 
ranging from 1.5 to 4 seconds, which 


correspond to etched depths of 20 to 30A 
from Equation (3). 

On the other hand, since the gradually 
changing stage does not exceed several 
minutes, the corresponding depth is of the 
order of several hundreds of Angstroms. 

Now, when the former standard surface 


(optically contacted) is etched, its defor- 
mation will follow the £,, curve indicated 
by the dotted line in Fig.36. Since the 


improvement of flatness is the same as_ that 
of E,; in spite of its slight degree of change, 
stresses of the same kind are also left over 
on this side. 

Slopes of the deformation curves of 
annealed plates will be opposite as shown in 
Fig. 37 according to whether the concave or 
convex surface is etched first, while the 
degree of deformation is about one-third of 
that in un-annealed plates, with no reversion 
of curvature to be seen. 

It is, therefore, suggested that stresses are 
released through annealing, and the defor- 
mation is caused by mechanical disturbance. 

In X cut crystal plates, anomalous defor- 
mation processes could be seen as shown in 
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(a) Etching O sec (b) 


Etching 


2 sec (c) Etching 20 sec 


(d) Etching 2 min- (e) Etching 7 min (f) Etching 20 min 


Fringe Interval = 03 yp 


Fig. 38, when the standard surface was still 
a polished one. This is because of the 
release of skin stresses on the protected side, 
which originates from etching. Moreover, 
the interpretation of this phenomenon is 
supported by the results shown in Fig. 42 
that the descending tendency of deformation 
appeared after etching for 2 to 4 minutes in 
the case of a polished standard surfaces, but 
such an anomaly did not appear in the case 
of etched standard surfaces. Thus, the 
specimens whose standard surfaces had been 
etched were used for analyzing residual 
stresses. 

Deformation processes of X cut crystal plates 


- Fig. Hee alca ge of deformation of polished surfaces by etching. AT-cut crystals, 0.100 mm. 


are, in general, similar to those of AT and 
BT cut crystal plates as shown in Figs. 39 
and 40, while the changes in the intermittent 
stages are not violent because of the locali- 
zation of stresses at the skin. 

Now, when the process is modified into 
the relation between the difference of 
flatness whose standard is fixed at the initial 
flatness (called the degree of deformation) 
and the etching time, the results will be as 
indicated in Figs. 41 and 42. Evidently, the 
deformation process has three stages, in 
which kinks are considered to mean _ the 
kind of influence and its changes existing in 
surface layers, while their inclinations are 
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Fig. 41—Curves of degree of deformation, thickness 0.100 mm (AT-cut and BT-cut crystals). 
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explained to be determined only by the 
thickness of plate. 

The effect of annealing makes stresses in 
the first stage approach stresses in the 
gradually changing stage, while the corre- 
sponding depths in this stage vary with the 
orientation, and the depths in AT cut 
crystals are greater than those in BT cut 
crystals. Moreover, in the case of X _ cut 
crystals, the first kink is distributed over the 
time ranging from 15 seconds to 1 minute, 
where the depth corresponding to the 
gradually changing stage is small as shown 
in Fig. 42. That is to say, the second stage 
is indistinguishable from the first one because 
of the localization of stresses at the skin. 

Also, from observations, secondary flaws 


42—Curves of degree of deformation, thickness 0.0963 mm (X-cut crystals). 


appearing perpendicularly to the scratching 
direction are noticed as shown in Figs. 43 
and 44. They are perceived about 45 seconds 
after the start of the etching process, become 
rather clear after about 3 to 5 minutes, and 
then make their complete appearance after 
10 to 20 minutes when viewed through a 
phase contrast microscope with a magnification 
of 400. 

From these appearances and deformation 
processes, it may be considered that the 
secondary flaws produced on surface layer 
have an influence on the deformation in the 
gradually changing stage. On the other 
hand, when the finally polished and optically 
contacted surfaces are both etched for the 
same etching time, many secondary flaws 
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(d) At Optically Contacted Surface 
after Etching for 5 Minutes. 


eC : ep 


(c) After Etching for 30 Minutes. 


(e) At Finally Polished Surface 
after Etching for 5 Minutes. 


10 ie (f) Previous Record of ene 


after Etching for 5Hours. 


Fig. 43—Secondary flaws in polished AT-cut crystals. 


will be found occuring on the surface of the 
former. Moreover, by deep etching for 1 to 
5 hours, the past records of scratching can 
be observed as tracks, even in case the 
etched patterns of the crystal have already 
appeared. 

Although such parts may grow in depth 
by etching, their initial depths before etching 
are estimated to be 200 to 10, 000 A for AT 


cut crystals and about 120A for X cut 
crystals, as will be discussed in detail later. 
Besides, as seen from the secondary flaws 
in Fig. 44(g), their pitches and angles to 
the scratching direction are almost constant 
as to one scratching line, whose cause is 
considered in the scale mode! test for 
secondary flaws caused by scratching in 
Section 2.3. 
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(a) After Etching for 2 Minutes. (d) After Etching for 70 Minutes. 


(c) After Etching for 25 Minutes. (f) After Etching for 400 Minutes. 


&) After Etching 
for 3 Minutes. 
Electron 
Microphotograph. 


Fig. 44—Secondary flaws in polished X-cut crystals. 


2.2.4. Mutual Relation between the convex surfaces, while it becomes 
Deformation Processes and the with etching for 
Nature of Residual Stress 


worse 
concave surfaces. The 
mutual relations among these curves may be 
explained by the existence of residual 
compressive stress in the skin layer. That is, 
the reason why plates become convex is 
that added tensional stress is necessary for 


By arranging the results shown in 
Figs. 36, 37, 39, and 40, it may be seen 
that the flatness improves with etching for 
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Fig. 45—Relation of curvature 
variations to  defor- 
mation processes. 


equilibrium on the side of the plate where 
the larger residual. compressive stresses are 
left. These conditions are illustrated in the 
upper left, upper middle and lower right 
diagrams of Fig. 45. Now, the deformation 
processes by etching are explained as 
follows : 

[A] Residual stresses on polished layers 
decrease with etching and, as a result, 
tensional added stresses also decrease to 
make the convex surface become similar to 
the flat one. During this process, a plate can 
be flat when the stresses on both sides 
become equal. With the etching continued, 
residual compressive stresses become relative- 
ly large on the standard surface, which will 
lead to the increase of added _ tensional 
stresses on that side. As a result, the etched 
surface must deform concavely. Thereafter, 
the concave surface will increase its degree 
of concavity until the deformation is 
completed due to the removal of stresses by 
etching, with the plate being of the same 
thickness. Furthermore, 

[A’] etching of the opposite side will im- 
prove the flatness just in the same way as 
in the case of [A] through removal of com- 
pressive stresses, although initial stresses are 
smaller than those of (AJ. In this case, since 
the standard surface has already been etched, 
the accelerating effect caused by stresses on 
this sidemay be negligible, which will lead to 
the gentle-sloping inclination of deformation 
curves. 


([B] Through the etching of the convex 
surface of the annealed plates, the curvature 
does not reverse because of the decrease in 
stresses even with plates of the same 
thickness as in the case [A]. After all, the 
deformation of a plate will be saturated, 
with its state of convexity remaining 
unchanged, its process being to be the same 
as in the first half of [A]. 

[B’] When the opposite side is etched, 
compressive stresses on that side will be 
decreased so that such stresses will be given 
to the etched surface in order to keep balance 
with the initial residual compressive stresses 
on the standard surfaces. This process is 
similar to that described in the latter-half of 
(AJ, with the exception of the acceleration 
of deformation by the opposite surface. 

[C] In the case of the etching of 
concave surfaces in annealed plates, the 
tendency is the same as that of [B’!, except 
the existence of the effect of acceleration on 
the standard surface. 

[C’] Etching of the opposite side leads 
to the tendency which is also similar to that 
of [B!, [A’], and that described in the 
first-half of (AJ, except the non-existence of 
the effect of acceleration. 

It has been made clear from these results, 
that the decrease of convexity (equal to the 
increase of concavity) exists in the relation 
between the curvature and deformation 
process of plates in etching, and that 
compressive stresses must be left over on 
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the polished surface. 


2.3. Scale Model Test for Secondary 
Flaws Caused by Scratching 


It was found that secondary flaws existed 
in polished layers of quartz, which were 
considered to play main part in the gradual- 
ly changing stage of deformation. 

Therefore, by making the scale model 
test of secondary flaws caused by scratching, 
deformation process of scratched surfaces 
were compared with that of polished ones, 
with inquiries into the origination mechanism 
of such secondary flaws made at the same 
time. 


2.3.1. Specimens and Experimental 
Method 


Specimens of AT cut crystal with the di- 
mensions of 15 mm X15 mmx 0.155 mm were 
polished under the conditions described in 
Chapter 1. Their surfaces were scratched 
with such points as diamond and_ sapphire 
styli or single Alundum abrasive with loads 
of 3 to 100g and scratching speeds of 0.3 
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2.3.2. Origination of Secondary Flaws 
by Scratching 


The results of the experiment performed 
to make secondary flaws by scratching are 
shown in Tables 3 and 4, in which an 
attempt was made to find out various 
conditions for producing the flaws that are 
similar to the ones to be produced by 
polishing. 

With a_ sapphire-tipped. stylus secondary 
flaws which are almost perpendicular to the 
sliding direction appeard before etching 
under load of over 30g, and they were 
exposed clearly to the view through etching 
(Fig. 46 (a)). 

On the other hand, when 
tipped stylus was used, 
having a close pitch came out under the 
load of 50g and they were accompanied 
with concoidal fractures (Fig. 46 (b)). More-. 
over, when the single Alundum | abrasive 
was used, the shapes of the scratches had a 
resemblance to the ones which are produced 
in polishing as shown in Fig. 46(c), while, 
on the fractured surface of the crystal 
(Fig. 46 (d)) or on the mechanically rubbed 


a diamond- 
secondary flaws 


to 1.5 mm/sec, making use of a_ surface r-surface (Fig. 46 (e)), secondary flaws were 
roughness meter. also originated. These facts lead to the 
confirmation that secondary flaws are directly 

Table 3 


ORIGINATION OF SECONDARY FLAWS BY SCRATCHING (T) 


Scratching Speed 1.5mm /sec, Etching Time 7 Minutes 


N ing 
Scratching Point Load (g) ted: of Scratching | Surface Stale 
; 20 3 Scratched traces seen before etching 
Diamond 
10 2 Detected Scratched traces seen after etching 
20 3 Scratches did not appear 
10 2 Scratches did not appear 
Sapphire 7 
30 3 
50 3 Secondary flaws seen before etching, 
| and exposed to the view by etching 
100 3 | 
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Table 4 


ORIGINATION OF SECONDARY FLAWS BY SCRATCHING (IL) 


Etching Time 7 Minutes 
a ee Ee RT a ee 
Scratching Point | Specimen Scratching Speed | Load (g) and 
mm/sec. | Number 


Surface State 
| 


| Relatively cnntinuous scratches and 
secondary flaws were found. The second 
scratching line revealed obscure traces 
50- 3 and the third one did not appear, A 
scratching point was divided into three 
or four points. 


The first line made secondary flaws 
whose pitch was small. But the second 
and the subsequent lines originated the 
scratched traces with secondary flaws 
| intermittently. 


No. 1 OFS aye @) 


20- 3 | All scratches showed lines without 


Sapphire secondary flaws. 


10- 3 The existence of scratch was not clear. 


Before etching, scratches traces were 
found, and after etchimg secondary flaws 
50- 5 were also Seen. The second line showed 
No. 2 0.6 secondary flaws, too, but their length 
was small. 


30- 5 No trace by etching. 


Lines were scratched with a more 
normal contact angle than the one 
No. 3 0.3 50-16 mentioned above. The point split into 
four points, thereby making scratched 
traces. 


Continuity of scratched traces with 
concoidal fractures was found, whose 
50- 3 parts consisted of secondary flaws with a 
more roundish shape than those caused 
by the sapphire point. 


The condition was almost similar to 
that mentioned above. However, second- 
ary flaws were originated intermittently 
in one direction. 


30- 3 


Diamond No. 4 0.6 


Scratches seemed to be just scale lines, 
20- 3 whose width was about .one-thirds of 
that of the lines obtained at 50g-3 lines. 


The state was almost similar to that in 
the case of load of 20g, but the width 
10- 3 obtained was nearly two-thirds of the 
latter. Secondary flaws were not recog- 
nized. 
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Fig. 46—Secondary flaws by scratching and mechanical damage. 


related to the fracture. 


In the state of scratching, contact circles 
are produced around the scratching point as 
shown in Fig. 47, and compressive stresses 
originate in the circular direction and within 
the circle, while tensional stresses originate 
in the radial direction, as Hertz originally 
indicated.‘'*? 

Theretore, behind the proceeding point, 
tensional strains or fractures are left over Fig. 47—Origination of secondary dame 
due to the low tensile strength of quartz to 
tensional stresses. In these parts, secondary 
whose resistance against chemical 


Direction of 
scratching 


2.3.3. Mechanism of the Origination : 
ee 


of Secondary Fiaws 
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action is small, will appear after etching. 

From the observation of pitches of secon- 
dary flaws, it may be found that they are 
considerably constant. It is of course, first of 
all due to the accumulation and release of 
fracture energy, while the rough or fine 
interval of a flaw’s pitch is related to the 
fracture of the scratching point. That is to 
say, unless the tensile strength of quartz 
exceeds the fracture limit during scratching, 
smooth tracks will be formed. This is be- 
cause quartz flows plastically due to the ele- 
vation of tensile strength in the microgeometric 
region under the considerably small intimate 
pressure, even if the point is sharp. However, 
if the pressure increases, quartz will produce 
fractures, in this moment, fracture energy 
will be released, so that secondary flaws will 
not be formed until that energy is accumu- 
lated. If, in this case, the point fractures 
easily, the work to be done will be consumed 
for breaking the point, and, as a result, the 
material will be fractured. The shape of 
fractures will depend upon the radius of the 
point and the properties of the material. Thus, 
the fracture energy is insufficient to make 
closely-pitched secondary flaws. 

In such materials as sapphire or Alundum, 
their fractures are large, which leads to the 
formation of secondary flaws independent of 
the apparent load, accompanied with the 
multiple scratching ; and this state may also 
be observed on surfaces polished with 
cerium oxide abrasives as described in 
section 2.4. 


2.3.4. The Origination of Secondary 
Flaws during Polishing 


The problem of whether the secondary 
flaw originates during the process of polish- 
ing or is produced by lapping is discussed. 

The view that the flaw or fracture caused 
by lapping disappears due to the flow in 
polishing and reappears through etching on 
account of the dissolution of the polished 
layer has so far been most prevalent. How- 
ever, as pointed out by Mitsuhashi’ and 
Rawstron,“' it is observed that latent 
damages appear in the direction of motion 
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as designated. 

Moreover, the fact that latent damage origi- 
nates on lapped surfaces which have been 
etched before polishing look like the traces 
of their piercing into the surface obliquely 
through re-etching after polishing ; and_ that 
they are scattered all over the surface may 
be recognized during the experiments de- 
scribed in Section 1.3. 

Therefore, it is clear that secondary flaws 
originate during the process of polishing. 

From further consideration on this point, 
it may be interpreted that, since secondary 
flaws are originated by stress, they can be 
produced without abrasives as the result of 
the “stick to slip” phenomenon described by 
Kinoshita and others.‘’®* This effect will be 
greater in polishing than in lapping. 

Consequently, it may be concluded that the 
greater part of the secondary flaws originate 
during polishing and that the higher degree 
of origination of secondary flaws on the 
finally polished surface with large deformation 
comes from the larger scratching effect. 


2.3.5. Deformation Process of Scratched 
Serfaces by Etching 


From the results described in the preceding 
paragraphs, it may be seen that the defor- 
mation process of scratched surfaces follows 
the same process in the generally changing 
stage of polished surface. 

In the first place, by scratching and 
etching, the same effect as the Twyman 
effect on lapped surfaces can be seen in the 
state of reversion of curvature on scratched 
surfaces as shown in Fig. 48. 

In the second place, from the curves of the 
degree of deformation in Fig. 49, in which 
the polished layers were removed from the 
specimens through pre-etching before scratch- 
ing, it is found that the flatness improves as 
the scratched layers are removed, while there 
is no stage corresponding to the violently 
changing stage in polished surface. 

This is caused by the removing through 
etching of the strains in deep parts which 
cannot be exposed without etching. On the 
other hand, near the skin, smaller numbers 
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surface for 10 min. 
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Scratching by Etching. for 
diamond point 10 min. 
Optically Optically 
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+ 1.35 p —0.90 
(c) (d) 


Fig. 48—Reversion of curvature on scratched surface by etching. 
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Fig. 49—Curves of degree of deformation on scratched surfaces. 


of fractured parts are broken away from the 
mass where very small strains are left, so 
that no influence will be exercised on defor- 
mation. That is to say, in scratching, it is 
found that the lack of a stressed layer near 
the skin is shown by a flat curve and that 
the slower changes in the curve continues 
for 1 to 4 minutes. 

Therefore, the origination of secondary 
flaws by scratching is considered to corre- 
spond to that in the gradually changing 
stage on polished surface. Furthermore, from 
Fig. 49, it is found that the first kink for a 


polished plate with the thickness of 0.155 mm 
also comes out in several seconds, almost 
the same as in the case of a plate with a 
thickness of 0.100 mm, which supports the 
theory that kink is determined by the degree 
of working and is independent of thickness. 
Moreover, it is noticeable that a surface 
rubbed by an eraser containing grit shows 
that it lies between the polished and scratched 
surfaces with respect to the deformation 
process because of its shallow scratches of 
greater numbers. 
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2.4. Sizes of Secondary Flaws in the 
Polished Layer 


The relation of secondary flaws to the layer 
disturbed by polishing was obtained by 
measuring their depths on polished surfaces 
which led to the estimation of initial depths 
of secondary flaws before etching. 

Specimens used were AT cut crystals of 
14mm dia.x3mm and X cut crystals of 
15 mm x 14 mm X 0.0963 mm in size. 


2.4.1. Measurement of the Size of 
Secondary Flaws 


In AT cut crystals, the same _ position 
where secondary flaws came out was 
followed by the method of etching, polishing, 
two-beam interferometry and a. dark field 
microscope, and the outline of the measure- 
ment is shown in Fig. 50. 

After making a standard measured surface 
by pre-etching for 10 minutes, the whole 
crystals except the pre-etched parts were 
etched for 5, 10 and 20 minutes. After such 
etching, crystals were polished under definite 
conditions,* with the change in depth to be 
measured by the fringe’s shift. In this 
measurement, flatness of the whole eighteen 
specimens fixed to the block was recorded 
in full size on the cabinet plate. 

As the stock removal of 
(0.2 »/hour) increases, the depth of the 
standard surface becomes smaller, and then, 
another part on the specimen’s surface is 
etched to make a new _ standard surface. 


polishing 


Length of secondary 
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Therefore, the flatness of specimen should 
be carefully defined within 0.1 . 

In X cut crystals, the depth of secondary 
flaws was measured by means of a 
“Talysurf” roughness meter with magnifi- 
cations of 20,000 and 50,000. 

On the other hand, measurements of 
length and width of flaws were made by a 
dark field and a phase contrast microscope 
with magnifications of 160 to 400. 


2.4.2. Sizes of Secondary Flaws in 
AT-cut Crystals 


Fig.51 shows the relation between the 
length and depth of secondary flaws, whose 
inclination is nearly at an angle of 8°30’ to 
the surface, from which it is clear that they 
have similar shapes for etching times of 5 
to 20 minutes. 

On the other hand, as shown in Fig. 52, 
the plan views of secondary flaws vary as 
the etching time varies, that is to say, it is 
recognized that the shapes for the etching 
time of 20 minutes are frequently found in 
(a) and (b), while those for the etching time 
of 10 minutes are found in (c), and_ those 
for the etching time of 5 minutes in (d). 
Further, the width along the depth does not 


vary at the depth of ly as shown in 
Fig. 53. 
The pitch of secondary flaws for 20 


minute’s etching was about 8» in the initial 
state, while it spreads to about 70 in the 
final stage, where the depth was about 2.8 p. 
This indicates the disappearance of about 


do—di flaw 
Ftched 
surface | Polished 
wae ae al : surface 
olshed surface ern Bee fre at ue! r-—~ Fig. 50—Schematic illustration for 
Initial standard a cl SO ee measurement of depths of 


surface 
(etched surface) 


Intermediate 


secondary flaws. 


standard surface 


Secondary 
flaw 


* Polishing pressure: 36 g/cm*, 
pitch: KR-3 (medium hardness), 


revolution of a pitch polisher: 9. 5 rpm, 
polishing powder: cerium oxide (Cerox). 


(etched surface) 


reciprocation: 40 turns/min, 
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Fig. 52—Plan views of secondary flaws (AT-cut). 
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Fig. 53—Relation between width and depth 
of secondary flaws (AT-cut). 


the pitch only varied from 5 to 8 y. In 
Fig. 54 the states of their disappearance are 
shown. 

Now, from the results described above, it 
is assumed that the secondary flaws remain- 
ing to the last have the same conditions for 
their origination, and they may be classified 
into three grades according to there sizes. 
As a result, the relation of depth to etching 
time is indicated in Fig. 55, where depths of 
0.02 to 0.65 ~ is found for the etching time 
of 6 seconds ; that is, in the initial stage of 
etching, and the maximum width is found 
to be only 0.07 » for the same etching time. 
In the case of large secondary flaws, the 
following relation is seen between depth 
S(u) and etching time ¢ (min): 


S=1.107°"4. 


The depth of 0.02 to 0.65 corresponds 


to the etching time of 1 to 60 minutes, 
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Depth 0.61 ». 
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Fig. 54—Disappearance of secondary flaws related to depths. 
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for 14.7 Hours 
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which speaks for the fact that secondary 
flaws play their main part in the gradually 
changing stage of deformation, in the 
polished layer. The weight per one second- 
ary flaw will be 4.4x 107‘ wg, which is 5/10° 
of the whole removal (86 wg) of an etched 
plate with the diameter of 14 mm. 

On the other hand, since secondary flaws 
are almost completely exposed between 10 
and 20 minutes, the corresponding etched 
depth will be 1,000 to 2,000 A, which accords 
on the average with the value estimated from 
the measured value of secondary flaws de- 
veloped by etching. 

Moreover, the maximum depths of second- 
ary flaws are estimated from the roughness 
of etched surfaces as shown in Fig. 56, where 
the relation between roughness and _ etched 
depth will be found when the same etching 
time becomes a parameter. In this figure, 
roughness after 6 second’s etching is found to 
be 0.03 4 which accords with the value 
measured by microgeometric interferometry. 
Through extrapolation of the maximum depth 
in the above relation, the initial depth of the 
secondary flaw becomes 0.95 x, which agrees 
with the preceding value with an error of 
less than 30 percent. 

The result that the maximum initial depth 


of the secondary flaw is about 20 to 30 
times as large as the roughness is quite 
similar to the data given by Briiche and 
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others.?® They reported that the depth of 
disturbance by scratching was 30 times as 
large as the depth of the scratch itself on a 
glass surface. 


2.4.3. Sizes of Secondary Flaws 
in X-cut Crystals 


Measurement was made of the depths of 
valleys on etched surfaces by a roughness 
meter, and, at the same time, etched figures 
were traced. Fig.57 shows the examples 
recorded, while Fig. 58 illustrates the relation 
between etching time and maximum depth 
of valleys on the etched surface. 

Moreover, the relation between the depth 
removed from the surface by etching and 
the depth of the valley is shown in Fig. 59, 
which leads clearly to the conclusion that 
the depth of 120 A becomes the transition 
point in consideration of the change of 
plan views and the change of width along 
Z-axis as seen in Figs. 60 and 61, respective- 
ly. Namely, it can be presumed that flaws 
with depths up to 120A originate in the 
initial stage of secondary flaws, because the 
transition means the appearance of etched 
figures peculiar to this orientation of X cut. 

This depth is, as compared with that in 
AT cut crystal’s surface, about one half to 
one-fiftieth of the latter. 

On the other hand, the grown depth of 
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Fig. 57—Curves of depth of valleys 
on etched surfaces of X 
cut crystal (parallel to Y- 
direction). 
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the valley reaches 1,000 to 8,000 A the same 
as that of AT cut crystals, and the past 
record of scratching, whose appearance is 
shown in Fig. 62, also attain the depth of 


several thousands of Angstroms. From these 


results, it can be said that a few scratching 
points act similarly on a polished surface 
regardless of their orientation. 


2.5. Analysis of Residual Stresses 


Using the result obtained in Section 2.2., 
an analysis of the residual stresses based on 
the theory of elasticity was performed. 


2.5.1. Fundamental of Analysis 


Since quartz is an anisotropic substance, 


15 min 


stress analysis, of course, must be treated by 
the general theory of anisotropic substances. 
However, in most X cut crystals, the defor- 
mation converted into the curvature shows 
its maximum deflection along the Z-axis and 
minimum deflection along the Y-axis; so that 
it can be considered that the maximum and 
the minimum stresses exist in such di- 
rections. Thus, the analysis in this case may 
be treated approximately as that of an 
orthotropic plate. 

Therefore, the following relations are given 
between stress and ‘strain. 


ey = S220 y + So307 
and 
€z = Cae =e S230 y, 


Depth of Valley on Etched Surface (py) 
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Fig. 59—Relation between etched depths and depth of valleys of secondary flaws 
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where & is the strain, o stress and S the elastic The Young’s modulus and Poisson’s ratio 


constant. Now in quartz, elastic constants are are expressed by 
given as follows:“'” ; , } 
Ey = -=78.7 X 10! “dyne/cm? 
Son 127.9 x 10-* cm*/dyne, See Se 
=7870 kg/mm/’, 
S= Sip = SLO a0 cm’/dyne, , 


and E,= a —104 x10" dyne/cm? 
S33 = 95.6 x 1O"" cm’/dyne. 33 
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Fig. 63—Residual stresses in a plate. 


The residual stress can be obtained by the 
algebraic sum of the added stresses caused 
by the removal of a layer of depth A and 
the removed stress in consideration of equi- 
librium of bending forces and moments at 
the cross section (Fig. 63). By applying this 


to orthogonal anisotropic plate, following 

equations are obtained: 

a 
-PBGP Ld) 
Seance oe 


o, can be expressed by replacing z with 
y and y with gz, 


where 1/R is the 
thickness of a plate. 

In the case of a_ polished layer, the 
stressed layer is confined within the skin, 
which makes the second and the third terms 


curvature and ¢ the 


rather negligible as compared with the first ; 
and further, the quantity ¢-h is approximate- 
ly equal to ¢. As a result, the stresses are 
given as follows: 


By dah), ee oe 
ae 6(1 —v2y2) { dh 7 dh ) 
eee 2 ey 

6(l—vyusy GR dh ) 


In AT cut crystal plates, strictly speaking, 
the polar coordinates should be used with 
the elastic constants expressed in the polar 
form ; but taking into account the result that 
etching was comparatively uniform, these 
plates are treated as an isotropic substance. 


Thus the approximate mean _ stress is 
expresed as follows : 
Bet : Emel d(1/Rm) 
ae 6( 1 —— Po) dh ; 


where E,, is taken as 7000kg/mm*, and 
Dee ase Oez: 

From these equations, it is clear that the 
stress is subjected. to the differential of 
curvature 1/R to the depth h; which leads 
to a large stress in a thin deformed layer 
such as a polished layer, and that anisotropy 
is mainly emphasized in the _ difference 


between Young’s moduli. 
2.5.2. Results of Calculations 


After compensating for the error of flatness 
by using the average flatness on both surfaces, 
curvatures were obtained. 

Stresses calculated by making use of the 
equation given above are shown in Figs. 64 
to 66. Conclusion derived from these results 
are as follows: 

(1) Large compressive stresses are left over 
on the skin (h=0), whose value becomes as 
large as 1,000 kg/mm? for un-annealed X cut 
plates, 500 kg/mm* for annealed X cut plates 
and 70 kg/mm* for AT cut un-annealed plates, 
respectively. 

(2) In X cut crystal plates, stress is far 
higher than that of AT cut crystal plate 
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because of the localized stress at the skin. 

(3) o: is, in general, larger than oy. 

(4) The effect of annealing may be seen 
in the releasing of stress near the skin. 

(5) The depth of the pure polished layer 
corresponds to two to four times the atomic 
interval along the X-axis, which is 4.903 A, 
if the depth having the steepest inclination 
of stress is to be regarded as the polished 
layer. 

(6) In X cut crystals, stress will, on 
account of a small depth of secondary flaws, 
be released rapidly as the depth increase$ ; 
and this tendency is different from _ that 
shown by AT cut crystals, where stress de- 
creases gradually to the depth of about 100 A. 

On the assumption that the uniform strain 
appears along the direction of thickness 
(which means that the curvature is not a 
function of removed thickness), the mean 
strain is obtained under the condition — of 
equilibrium of force and moment at _ the 
cross section of a plate. 


Namely, 
At? 
ee 
A et 
4t? 
&=— --F,, 
3hb? 


where F is the maximum deflection, h 
thickness removed until the difference be- 
tween deflections is reduced to zero, a and 
b lengths of the edges, respectively ; and 
where ¢ the initial thickness of the plate. 

In the case of an AT cut plate* (shown 
in Fig. 66), by substituting : 


h=2x10-*mm, F=6.5x10-!mm, t=1x10-! mm 


into the above equation, the following result 
is obtained : 


6=2.4x10-4. 


In may be seen that this value, as 
compared with the strain on the very thin 


* Regarded as a square plate for simplicity. 


skin (h=0), is about 40 times as large as 
the latter, which speaks for the rapid 
release of deformation by a slight etching, 
whose depth is estimated to be less than 
10 A. 


2.6. Discussion on the Mechanism 
of the Polishing of Quartz 


Through inquiries into the results obtained 
so far in the preceding sections, the cause 
of residual compressive stress is discussed in 
relation to the mechanism of quartz polish- 
ing, from which the model of the polished 
layer is illustrated: 


2.6.1. Cause of Residual Stress and 
the Mechanism of Polishing 


The results obtained are summarized as 
follows : 

(1) Compressive stress is left over on the 
polished surface ; 

(2) Secondary flaws are caused by 
scratching, whose cause exists in tensional 
fracture ; 

(3) Cause of origination of secondary 
flaws in polishing is the same as that in 
scratching ; 

(4) In the deformation process both secon- 
dary flaws correspond with each other ; 

(5) The deformation in the violent 
deformation stage, which is rapidly released 
by etching, has the same nature as that in 
gradual deformation stage. 

From this summary, it appears necessary 
that the strained layer in tension be left 
over in order to have a compressive stress 
left over on the polished surface. Thus, 
polishing is considered to be the aggregation 
of micro-scratchings done by the points of 
abrasives during polishing, which makes the 
surface layer elongate along the underlayer 
of the plate. In this case, due to micro- 
scratching, plastic flow as described by 
Briiche and others“? will also be produced 
under high pressure in microgeometric 
regions ; which will lead to the production 
of compressive stress owing to the tensional 
strain that makes the surface layer elongate 
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during the coagulation process. 

However, when the state of polished 
quartz is observed by the fringes of equal 
chromatic order, very minute roughness 
seems to be left behind on the surface as 
the traces of micro-fractures in tension. Also 
Koehler“'? has already reported on the 
surface roughness of polished glass observed 
by the same fringes. Consequently, the 
plastic Beilby-Rayleigh layer as described by 
Briiche is considered to be acceptable with 
the consideration of its origination in the 
local or ideal state. 

In the formation of quasi-fluid layer 
described by Beilby,? as Inoue” pointed 
out, compressive strain is to be produced on 
the surface layer as a_ result of surface 
tension, which will lead to the concave 
deformation of the plate. However, this 
interpretation does not agree with the 
experimental results already described. On 
the contrary, it may be explained from the 
results that compressive stress is left over on 
polished layer by micro-scratching ; and it is 
consistent with the weaker resistance against 
chemical action of surface layer which is 
indicated in the relation between etched 
depth and etching time. 

Further, Kamogawa‘* stated the results 
obtained by electron diffration showed that 
the polished layer was covered with an 


amorphous quartz layer whose atomic 

Disturbed layer 
by secondary 
flaws 

Initial 
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of secondary - +o 

flaws : ae 


S00 10. 000A = ok 
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r 


yt 


distribution resembled that of an evaporated 
quartz film, and that slope of the surface 
had an angle of within 30 minutes to the 
horizontal. In such a state of things, though 
the concept of flow may be formed, it will 
be the problem of the ratio of the surface 
covered with scratches and the ratio where 
flow has occured. 

From the standpoint of the residual 
tensional strain, or compressive stress, it is 
considered that micro-scratching plays a 
greater part in polishing of quartz. 


2.6.2. Model of Polished Quartz Surface 


The model of polished surfaces of AT 
and BT cut crystals is illustrated in Fig. 67. 

If the depth at which the polishing stress 
is released rapidly by etching, is taken as 
that of a polished layer, it will be about 
30 A, while the depth of secondary flaws 
which have influence on deformation are as 
great as 700 A for AT cut and 400A for 
BT cut crystals, respectively. Moreover, for 
AT cut crystals, their original depth will be 
as large as 200-10,000 A, and the past 
record of scratching to be found on deeply 
etched surface will be seen at the depth of 
about 30,000 A. 

On the other hand, in X cut crystals, the 
worked layer is usually shallow as compared 
with that of AT cut crystals as shown in 
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Fig. 67—Sectional model of polished quartz. 
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AT-cut crystal. 


Fig. 68 ; that is to say, a polished layer has 
the depth of 10 to 20 A, while the secondary 
flawed layer has the depth of within 120 A 
at the time of its origination. This may be 
because of the close arrangement of atoms 
in X cut crystals. However, the depth of 
scratched trace whose past record is found 
in deeply etched surface is almost the same 
as that of AT cut crystals. 


2.7. Summary 


The nature of polished quartz surfaces 
was investigated from the standpoints of the 


residual stress and the deformation of the 
plate. This may be summarized as follows : 

(1) By direct measurements of etched 
depth, in which the key point was the use 
of the fringes of equal chromatic order, it 
was found that the skin of polished surfaces 
were dissolved easily, and the relation of 
etched depth to etching time was obtained 
as follows: 


L=K-t; 


where K and a are constants to be de- 
termined by orientation. The rate of etching 
was greatest for AT cut, next for BT cut, 
and least for X cut crystals. 

(2) From the process of deformation of 
the polished surface by etching, it was 
indicated that worked layers might be 
classified into three types, and it was also 
concluded that compressive stress was left 
over on the surface due to the relation of 
the curvature change during the deformation 
process. 

(3) By the scale model test of scratching, 
it was clarified that secondary flaws origi- 
nated from the stress in tension along the 
radial direction of contact circles produced 
by points of abrasives situated behind the 
direction of scratching. 

Furthermore, by comparison of both 
deformation processes with each other, it 
was shown that the secondary. flaws origi- 
nated by scratching corresponded to those 
produced by polishing. 

(4) Since the sizes of secondary flaws 
were measured with respect to _ polished 
layer, the initial depth before etching was 
estimated at 200 to 10,000 A for AT, and 
at about 120 A for X cut crystals, respective- 
ly. 

(5) It was clarified that a compressive 
stress, whose order was 1,000 kg/mm? for 
un-annealed X cut, 500 kg/mm? for annealed 
X cut and 70kg/mm* for un-annealed AT 
cut crystals, respectively, was left over on 
the skin, as was seen from the analysis of 
residual stress. 

(6) From the standpoints of the stress 
and deformation, it is considered that the 
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mechanism of quartz polishing comes from 
the aggregation of micro-scratchings by 
points of abrasives including plastic flow. 

(7) A model of polished quartz surface 
was illustrated from the results obtained in 
this study. 


Conclusion 


These studies described thus far were 
concerned with the development of a 
polishing technique for VHF crystals units 
in the first place, and with the clarification 
of mechanism of quartz polishing from the 
viewpoint of deformation and residual stress 
in the second place. 

It may be concluded as follows : 

(1) The working method, process and 
precise measuring method for quartz plates 
with the thickness of 35 ~ and the working 
accuracy of the order of 0.1 were studied. 
As a result, polishing techniques for VHF 
crystal units whose frepuency is as high as 
140 Mc/s has been established. 

(2) Deformation of thin polished quartz 
plates was noticed, and, as a result, the 
nature of residual stress, stages of worked 
layers and their depths were clarified, with 
residual stress having been analyzed at the 
same time. This led to a conclusion that the 
mechanism of polishing quartz was consider- 
ed to be the aggregation of micro-scratch- 
ings. In addition, the model of polished 
quartz surface was given in relation to the 
depth of worked layers, which may suggest 
the mechanical factors affecting the vibration 


loss of crystal units in higher frequency 
range. 
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681. 142:511. 122 


Noriyosi KUROY ANAGI*+ 


Using Boolean algebra, the author has extracted the propagating function of the carry 
signal from the other adding functions of an electric computer, and described that 
function. The logical function is performed during the period of one step of the clock 
pulse, using a carrier propagating circuit which consists of transistors, diodes and pulse 
transformers. The essential part of the propagating circuit is composed of series and 
parallel connections of transistors which are used as gate elements. 

Logical pulse output obtained by a simple logical treatment of every bit of addend and 
the corresponding bit of the augend is sent into the carrier propagating circuit, where 
special gates pass into the conductive state, and closed circuits are formed. These closed 
circuits can produce the carry signal of each bit instantly and simultaneously. 

The author has confirmed the possibility of a remarkable increase in adding speed. First 
a circuit suitable for binary addition is explained, and then a circuit suitable for the 
dicimal system is shown. Taking into consideration the necessary number of bits for 
scientific calculation, a carrier propagating circuit with forty bits was constructed. It 


shows good dynamic characteristics. 


Introduction 


The calculating speed of an_ electric 
computer depends mainly on the speed of 
the adder which is one of the main parts of 
the arithmetic equipment. Adding speed of 
a parallel adder is restricted by the 
propagating time of the carry signals. In an 
AC pulse system composed of diode logics, 
direct connection of logical operational 
circuits (i.e.,logics) over many stages is 
impossible, since the input signal power is 
attenuated while passing through  thein. 
Accordingly, after the output signal power 
passes through two or three stages of logics, 
it is always amplified before it is sent into 
the next stage. However, as the regenerative 
amplification of the output necessarily 
involves a time delay, in actual regenerative 
amplifiers a delay equal to about one cycle 
* MS in Japanese received by the Electrical Com- 

munication Laboratory, Feb. 24, 1960. Originally 

published in The Journal of the Institute of Electri- 

cal Communication Engineers of Japan, Vol. 42, 


No. 11, pp. 1051-1057. 
Sakurai’s Research Section. 


+ 


of the clock pulse takes place between the 
input and the output signals. 

Therefore, for adding binary numbers of 
n bits, if we use the method in which we 
start the addition at the least significant 
digit, add the carry output produced there 
to the addition at the next digit, and repeat 
this process on to the most significant digit 
at least m stages of regenerative amplification; 
that is, 2 steps of logical operation are 
necessary to propagate carry signals from 
the lowest to the (m+1)th bit. The larger 
the number of bits is, the longer the 
necessary time for addition by this method 
will be. 

A new logical circuit, which is explained 
in this report, has been designed to shorten 
the time for addition considerably, by 
obtaining the carries of all digits at one 
time (i.e., by a one step operation). 

Among other high speed carry circuits, 
there is a parametron circuit, and the 
circuit used in the SEAC and DYSEAC 
electronic computers of the United States 


Bureau of Standards (NBS). However the 
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latter is rather uneconomical, because it 
takes comparatively long to dispose of 
carries and requires gigantic logical elements. 


1. Description of the Adding Function 


The augent and the addend of a binary 
number of » bits are denoted by 


X= vo X,2-1, 
y=1 

Y=" Y,2"1 
PES 


respectively, and their sum by 


n+l 
lie I hg 


v=1 


Where X,, Y, and Z, are binary logical 
values (ie., either 0 or 1). Basically, the 
adding function is described as _ follows, 
beginning with the least significant digit: 


11=X,i@DY; Putting Vo= XV, 


L,= V2(X2- Yo@X2 V2) V3= V2 X2OY2) 
+V2(X24+ Yo) + X>°Yo 


23> Vs(Xa- Ys®Xz° Ys) Vi=V3(Vs@O Ys) 
+V3(X3+ Ys) +X3°Y 


ZV Ve) Ve = Oar.) 
+ViCX,+ Y,) + X,Y, 


Zi = ViC(Xne Y,PBXn: a) Woe = V,, Xn ® \an ) 
+ViCXn+ Yn) + XneYn 


ZV oe 
QC) 
where @) represents addition in modulus 2, 


If we introduce the logical value V which 
stands for the carry function, a simple 
method of description such as Eq.(1) is 
possible. If we use Eq. (2) in which C, and 
S, stand for the carry and sum _ derived 


from X and Y for each digit, and S, stands 
for the negative of bit S,, then: 


C.=Xee7> 
Ee (2) 
S.=XPY,, KH.) Fe oN 
and Eq. (1) can be simplified to: 
Li Si 
Zp = VoeS2+ VorS2= V2+S2 
(Z) Z=V.+S. (3) 
Zia eS 
Lr Vrs 
{OF 
V3= V2S2+Cz 
GZ) Vs=Ve- 1S aie Cot (4) 


Ve Vn-toned Gee 


Vn+1 = VoeSa ate Ge. 


Consequently, if we know the logical 
function V, sum Z can be easily obtained 
by the operation in each bit. From the 10 
digit binary numbers X and Y shown in 
Table 1, Z can be found by the method to 
be described. 

S and C can be obtained from X and Y 
of Equation (2), and are listed in Table 1. 
From the Equation (4), we can find the 
following relations: 14°C, is 1S). (S).-0 

- and S, are all 1 (where »’>»), and 
Siar =05 then Vis Waser Vaes BS SBON0: and Wareen 
are all 1, and the values of other V are 0. 
The logical values of S and C which make 
the logical values of V one are connected 
by the dotted lines in Table 1. Since C.-S, 
=0 from the relations in Equation (2), dupli- 
cation of such dotted lines cannot take 
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Table 1 


EXAMPLES OF ADDING FUNCTION (Z=X-+ )) 


Petes Te Gr 5 4° 9 > 4 
2S ih x0) it el fe Oa mnOk it ul ik (0) 
¢ 0 OOP lee Oem Wl ley. 
S 0: Ope ae ere. 0: OH? OM nL 
C | ie ‘ga ean Q = ye sees 
Vv | 1  ecOmeOa Om ke at ot 10O'% 0 
Za 1 seme sae helen TO) M1 Oe 


place. Z, is obtained by inversion of the 
logical value of S, (ie., if S=1, Z=0, and 
iSO. 24-1) awhere- VV, is. -1, “and. by 
transferring the value of S, where V. is 0. 
V is called the inverting signals. 


2. Construction of Circuits 
2.1. Outline 
Fig. 1 illustrates the block diagram which 


performs the adding function shown by 
Equations (2), (3), and (4). 


vn 


Fig. 1—Block diagram of parallel birary adder. 


In the illustration of the input and output 
lines of each block circuit, XX, denotes the 
line carrying the signal input corresponding 
to the logical value X;. The half adder 
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(H.A.) which can obtain from X, and Y, 
the carry output C, and the sum output S, 
(and also S,, but S, 


v 


omitted in this dia- 


gram). ® is the carry propagating circuit, 


which can obtain all the values of 
inverting signals from C and S (and _S) 
simultaneously. @Q is the exclusive OR 
circuit, which carries out the operation of 
addition in modulus 2 and obtains Z, by 
inverting S, according to the value of V,. 

By adding input signals to all the input 
terminals of X, and Y, at the same time, 
all the output signals can be obtained at all 
the output terminals of Z, simultaneously. To 
compensate for the attenuation of the 
logical operation, it is sufficient to insert a 
pulse regenerative amplifier after the half 
adder, aftér the carry propagating circuit, 
and after the exclusive OR circuit. There- 
fore three time steps are sufficient for 
addition. 

In the circuits in the present discussion, 
the AC (dynamic) system, which is synchro- 
nized with the clock pulse and which makes 
the existence and absence of a _ pulse 
correspond respectively to the binary logical 
values 1 and 0 is used. 


2.2. The Half Adder (H.A.) 


The circuit to obtain the pulse outputs 
that correspond to C,, S,, and S, from the 
pulse inputs that correspond to the logical 
values of X, and Y,; that is, the circuit to 
carry out the logical operation expressed by 
Equation (2), can be easily constructed by 
using diode logic, as shown in the Fig. 2. It 
is assumed that the regenerative amplifier of 
the previous stage, which supplies the pulse 
inputsexX, and Y, to the’ HvA. ‘can’ aalso 
supply the pulse inputs X, and Y, at the 
same time. 

The exclusive OR circuit performs the 
function of the half adder only partially, 
and it consists of the parts necessary for 
getting the outputs for S in the Fig. 2. 


2.3. The Carry Propagating circuit (%) 


The carry propagating circuit ® is the 
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Fig. 2—Circuit of half adder. 


central part of this adder, and determines 
the adding speed. The circuit structure is 
illustrated in Fig.3(a) using two terminal 
“black boxes” for the gate elements. G(C,), 
G(S.), and G(S,) are the gate elements 
driven by the pulse inputs that correspond 
to C., S,, and S, respectively. F is a pulse 
transformer. The gate element driven by the 
pulse input for the logical value 1 conducts 
only during the period while the input pulse 
continues. The non-driven gate element for 
the logical value 0 is held in a_non- 
conductive state. 

For the condition that the pulse inputs for 
the first through the fifth C and S lines 


(a) ® (1) 
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shown in Table 1 drive the corresponding 
gate elements, the connective circuits formed 
by connecting gate elements held in the 
conductive state are indicated by the dotted 
lines in Fig.3(a). Therefore, the current 
flow into these circuits will send the 
corresponding signal output for V through 
the pulse transformers F which are inserted 
in these circuits. 

The explanation of the circuit function in 
general terms is as follows: if all the values 
of C, are 0, all the values of V, are also 0, 
because no connective circuit can be formed 
in this case; if C,=1, the corresponding gate 
element G(C,) will become conductive. What 
would happen in the next bit (»+1) is: (i) 
if S,+1=0, G(S,), and G(S,+1) are held in 
the non-conductive state, the circuit G(C,)— 
G(S.+1) will be formed, and the pulse 
output will be obtained throngh the pulse 
transformer. F,+1; and (ii), if S,+1=1- and 
S,+2=0, GCS), GSE, and “GS-25 ate 
held in the non-conductive state, the con- 
nective circuit G(C,) —G(S.+1)—G(S,+2) will 
be formed, and the pulse outputs will be 
obtained through F,+1 and F,4+2. In other 
words, the connective circuit begins from 
G(C.) and extends to the gate element G(S,+h) 
at the (v-+h)th bit, where the value of S 
line changes from 0 to 1 for the first time 
after the » th bit. Here h is defined as the 
length of the connective circuit. h can take 
the values 1, 2, etc. Since the pulse output 
is obtained through h pulse transformers 
(FL+1, Pu t2) s+ F,,h) which are inserted 
in the connective circuit, the logical function 
that was defined by Equation (4) may be 


Fig. 3 (a)—Propagating circuit’ of carry 
signal, (I) and (IL). 
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(b) ® (1) 


accomplished with precision. 

Moreover, it is possible to give the logical 
inputs to all the input terminals at one 
time, and to obtain the necessary logical 
outputs at all the output terminals simul- 
taneously. 

Fig.3(b) illustrates a circuit in which 
transistors are used as gate elements. Pulse 
inputs for C,, S,, and S, are applied to input 
terminals c, (s.o.), and (s,o,) respectively. 
When the transistor is driven by the pulse 
input, emitter current J, flows only during 
the time of the pulse width +c sec. There- 
fore if the voltage difference between the 
collector and the base is maintained at a 
suitable value, a current pulse a/, can flow 
in the collector circuit. That is to say, the 
transistor passes into the conductive state. 
On the other hand, in transistors to which 
the pulse input has not been applied 
emitter current cannot flow. Accordingly 
almost no collector current can flow in 
them. As a result, a high resistance appears 
between their collector and base. This means 
that they are held in the non-conductive 
state. 

Diodes are inserted in this circuit to 
determined the direction of the currents in a 
precise manner. The circuit @ is an iterative 
circuit. It consists of a cascade connection 
of unit circuits, which are indicated by the 
parts enclosed by the dotted lines in the 
Fig. 3 (b). Each of the unit circuits consists 
of three transistors, corresponding to one 
input bit. 


2.4. Dynamic Characteristics of ? 
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Fig. 3 (b)—Propagating circuit of carry 
signal, (I) and (I). 


We should consider that the maximum 
scale of the numbers treated by the present 
binary electric computer is at least forty 
bits. Therefore we should be able to 
construct a propagating circuit by a cascade 
connection of forty unit circuits. However, it 
is not easy to make such a multiple stage 
cascade circuit from the elements now 
available, and to expect good dynamic 
characteristics from it. The following is the 
author’s considerations on the dynamic 
characteristics of @. 

(1) The Fluctuation of the Logical 

Output (V) 

The longer the length h of a connective 
circuit is; the lower the pulse output is in 
general. This phenomenon is caused by the 
fact that the voltage which is across each 
transistor held in the conductive _ state, 
decreases with the increase of h, and finally 
its polarity becomes inverted. For the 
condition that R stands for the load 
resistance of each transistor, and that E, 
stands for the voltage between the collector 
and the base of each transistor, 


E.=(—E+h-al.-R)/(h+1). ©) 


Fig. 4 shows the static characteristics of a 
grounded base transistor circuit. On the 
assumption that R=70Q, which includes the 
diode resistance and the output resistance 
viewed, the characteristics in the cases when 
E. takes the values of —2V, -—1V, and 
0 V are shown by the curves 11, ls, and 1; 


respectively. 
These curves show that the collector 
current suddenly decreases when £. de- 
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0.5e 0 0.5 


Fig. 4—Static characteristics of grounded 
base circuit. 


creases to lower than a certain value. This 
decrease tendency is caused by the equiva- 
lent resistance of the diode, which increases 
with the decrease of the collector current. 
The decrease of the collector current means 
the decrease of a. In order to avoid this 
undesirable effect, it is helpful to increase 
the absolute value of the power-supply 
voltage, but this method is not only limited 
by the maximum voltage rating of the 
transistors used, but also the output pulse 
amplitude varies widely with the change of 
the length of h. It is also effective to 
decrease the value of the output resistance 
viewed through the transformer, but this 
method has the defect of decreasing the 
signal output. 

(2) Increase of the Voltage Across 

the Transistor 
Let us assume that an open connective 


circuit with the length & is formed when 
Q=S,=0. Sea = eee = Sipe and 
S.ix=0. If C=1, a connective circuit with 
the length h=& is formed.) The e in the 
Fig. 4 denotes the voltage existing between 
the collector and the base of the transistor 
which cannot conduct collector current even 
if the pulse input (J.=5 mA) is applied to it. 
Therefore, if we indicate by FE; the voltage 
across the transistor 7(C.), (this symbol is 
meant to stand for the transistor in Fig. 4 
which corresponds to the gate element G(C.) 
in Fig. 3,) E, is given as follows from the 
equivalent circuit of Fig. 5: 


E,= —E—ke,. (6) 


Therefore, we should consider that the 
value of E&, will not exceed the maximum 
voltage rating of the transistor. 

(3) The Accumulation of Leakage 

Current 

It is not desirable for any leakage current 
to flow the open connective circuit. In 
actuality, however, there are some _ such 
currents, which are illustrated with dotted 
lines in Fig.5. As a_ result, small pulse 
outputs are observed through the pulse 
transformers. The currents accumulate with 
the increase of k until they increase to a 
value that cannot be neglected. The leakage 
currents consist of the currents which flow 
through the capacityt and back resistancet 
of transistors 7CS),< FCG), 1) 
T(C.se-1), and the currents which flow 
through the capacity and back resistance of 


c Fig. 5—Leakage current paths. 


~= 


ft Collector capacity. 


Se) 


t The back resistance corresponds to Ivo that is defined as the collector current which flows in the tran- 


sistor with no emitter current. 
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UC: ites tied, gaycict <b P.rr-1+. The leakage 
effect caused by the capacity of the diodes 
is especially large. 

(4) The Phase Shift between the 

Input and the Output Signals 

The value of the phase shift is determined 
by the phase characteristic of a@ of the 
transistor, and by the phase characteristics 
of the pulse transformer. Therefore, it is 
desirable to use the elements whose charac- 
teristics are satisfactory at the clock pulse 
repetition frequency. — 

(5) Desirable Characteristics for the 

Transistors to be Used 

Because the forward resistance of the 
diode is larger for a small input than for a 
large input, it is effective to flow a stronger 
current which is selected in the closed 
connective circuit. Since the transistors are 
used in grounded base circuits, there will be 
no problem of delay caused by saturation. 

In the case of the connective circuit, the 
power which is dissipated by the transistor 
is comparatively small. Although the current 
flowing in it is large, the voltage across the 
transistor is very small. 

Therefore, it is desirable to use transistors 
which can handle large collector currents, 
but it is not necessary for the collector 
dissipation rating to be large. It is also 
desirable that the capacity and the current 
of the collector of the transistor when no 
emitter current flows be kept as small as 
possible, based upon the reason stated in (3) 
of this section. 


2.5. Attaching Circuits 


To avoid the undesirable dynamic charac- 
teristics of , it is necessary to use elements 
with superior characteristics, but it is also 
effective to use the following circuit as some 
countermeasures: 

(1) Power-Supply Circutts 

These circuits are indicated by the parts 
enclosed with dotted lines in the Fig. 3 (b). 
The capacitor K is charged when @ is not 
driven. The voltage across the capacitor is 
used as a part of the source voltage, when 
the branch circuit containing the capacitor 
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becomes a part of the connective circuit, 
which has been formed selectively by the 
input pulses. In other words, the pulse input 
is applied to terminal during interval of suc- 
cessive clock pulses, and drives the transistor 
T. so as to give K a charge over a certain 
fixed value constantly. Ta is held non-con- 
ductive while @ is not being driven. 

Insertion of pulse transformer F, serves 
to separate the power-supply circuit from 
the other parts of this circuit, and to avoid 
the undesirable influence from leakage 
currents. It is sufficient to insert this circuit 
only once in every three or four unit 
circuits. When the connective circuit is 
constructed in this way, the voltage which 
is across to each conductive transistor does 
not vary widely with the change of -’the 
length A, and it becomes possible ‘to obtain 
constant pulse output. 

If the value of the source voltage neces- 
sary for the largest h is determined, the 
(absolute) maximum value of E, that is 
across the transistor 7(C;) when the longest 
open connective circuit is formed shows 
little difference between the case when this 
circuit is inserted and the case when the 
source voltage E becomes large. The maxi- 
mum value of FE, across T(C.), however, 
increases with the decrease of v like stairs. 
Accordingly, only a few transistors with small 
vy are liable to be destroyed by supplying 
large voltage to them. Therefore, the problem 
can be avoided either by the use of the 
transistors with high maximum voltage ratings, 
or by the series connection of two transistors 
for such gates. 

(2) The Junction Circuit with Trans- 

formers 

Let us assume that the circuit ® is 
constructed by the cascade connection of 
forty unit circuits. By cutting the connection 
at its center, namely between the 20th and 
the 21st unit circuits, and inserting a pulse 
transformer, we obtain the circuit under the 
consideration. Fig. 6 illustrates the junction 
part of ®, When the connective circuit has 


been extended to T(S2:), the pulse input 
drives T., and the circuit will be further 
extended to the right. When the open 
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Fig. 6—The junction part of %. 


connective circuit reaches TJ(S2), it 1s 
arranged by means of added emitter bias 
voltage that the leakage currents may not 
drive T.. In order to keep the phase shift 
between the input and output currents of 7; 
at a minimum, a transistor with a high a@ 
cutoff frequency should be used for T.. Such 
a junction circuit serves to decrease to half 
the minimum value of E, across TJ(C,), as 
well as to decrease the maximum value of 
the leakage currents. 

(3) The Prevention of Leakage Currents 

In order to prevent leakage currents 
through 7(C.) and TJ (S,) when the open 
connective circuit is formed, it is effective to 
bias the transistors negatively. This is 
because the voltage FE, given to the collector 
induces a small pulse voltage in the emitters 
of non-driven transistors and degrades their 
cutoff characteristics. 

The leakage current that flows through 
G(S.) consists mainly of current flowing 
through the capacity of diode d, and_ its 
back resistance current. The value of the 
leakage current is comparatively large. 

If NPN type transistors are used for 
T(S.), diode d, is not necessary. In that 
case the leakage current is mainly derived 
from the collector capacity of the transistor, 
and the influence of the back 
becomes almost negligible. 

In order to prevent the leakage current 
flowing through the capacity of each gate 
element, the following contrivance is ef- 
fective: we drive the input terminals so as 
to form the open connective circuit (k= 40) 
while ® is not driven, charge the capacities 


current 


of all the gate elements, and let ® perform 
its next operation before the stored charges 
have been dischaged. This is to avoid the 
leakage effect caused by the charging 
currents. The charge stored in the capacity 
of GS.) improves its conductive character- 
istic when @ is driven. 


3. Experimental Results 


(1) Forty Bit Carry Propagatng Circuits 

The author constructed the propagating 
circuit necessary to perform the addition of 
two binary numbers of 40 bits by using the 
circuits illustrated in Fig.3(b) and Fig. 6, 
and measured the dynamic characteristics of 
its operation. The pulse corresponding to 
each of C, S, dnd S was applied to the 
output pulse transformers of transistor 
amplifiers, the inputs of which were 
controled by a manual knife switch. 

The conditions of the operation were: 

input pulse width, 

T,=1sec; input pulse repetition frequen- 


cy, 
f=250 kc; supply voltage of 9, 
—E=-—3V; input current corresponding to 


the logical value 1, 
I,=17 mA; input current corresponding to 
the logical value 0, 
I,=0; voltage given to the con- 
denser K while @ is not driven, 

&=—3 V; voltage supply circuit-12 units 

output load resistance, 
R,=100Q; turns ratio of the output trans- 
former, 1:3; junction circuit 
with transformer inserted (in- 
serted at the 20th bit); 

cutoff frequency of transistors used: 

ips M,)iunetion type, 30 Mc)drift type, 

A few examples of the measured values 
are given in the Table 2, and some of the 
waveforms are shown in the Fig.7. These 
examples contain the worst cases of S/N 
ratio. 

When the load resistance of the driving 
amplifier, is 100Q, its output waveform is 
indicated by wy of Fig. 7. 

In ‘Table’ 2, the values “of ge oreo Vij 
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W8 
Fig. 7—Input and output waveforms. 
Table 2 
SOME EXAMPLES OF THE MEASURED VALUES AT 250 KC, 40 Birs. (V) 
ve ee Output Voltage , is 
Case of igo = ——— U3 U1 Voi U3) U41 Vet Vc29 
ar ea rent, | OS Oe enn 0.42 0195 | 10 ai 
Waveform No. of Fig. 7 Wy We Ws W, 
Open C.C. k 40 (1 40) 0. 00 0. O1 0. 04 0. 07 0. 10 — 35 —8 
Waveform No. of Fig.7 Ws We We Ws 
Closed C.0. h i (2) 0. 55 
columns stand for the pulse voltages of the parentheses designate the extent of the 
output terminals v2, vy, °° Vs, for various connective circuits, ranging from the begin- 
input cases. The values of vw. and vex ning to the end bits. 
columns are DC collector voltages (values If we define the SN ratio ;sy and the 
of direct currents) of 7J(C,) and T(C29) regulation of output pulse amplitude 6 as 
respectively. (Their pulse amplitude is follows, their values can be obtained from 
comparatively small.) In the “Case of Input” Table 2 as follows: 
column, the values given to h and k igs 
indicate the length of closed or open 8 Minimum output voltage in the longest 
Hoes 


connective circuits, and the contents in the Maximum output voltage in the longest 
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value of h 39 


value of k 


. Maximum—Minimum : 
d= (voltages in all 


Mean 


length of h)=50(%). 


Let us calculate the voltage EF. which is 
across each transistor. If we calculate from 
the output values that the current which 
flows in the branch circuit is 11mA_ for 
h=20 (ie, when the junction of the 
transformer is at the 20th bit), and 18mA 
for h=1, we can assume that the equivalent 
resistance of the diode is about 60Q _ for 
h=20, and:50Q for h=1; that the output 
load resistance reflected through each output 
transformer is about 100; and that the 
voltage across capacitor FE, is —3 V. There- 
fore, from Equation (5), E.-=—0.3V_ for 
Pp 20.-and. b= 1 V tor h=1, ‘The “latter 
corresponds to the case of 1; in the Fig. 4, 
and the former to a proper line between 1, 
and 13. The ratio of collector current for 
the case h=1 to the case h=20 is about 
2/3. This is in good accordance with the 
ratio of the output mean value for h=1 to 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


that for h=20. 

In the case of the open connective circuit, 
the voltage across the transistor of the first 
bit is calculated from Equation (6). If e is 
taken not as the value in the Fig.4 but as 
the experimental value (0.6-0.8V), the 
calculated value FE, will show a_ good 
agreement with the observed value (—35 V). 
Let us calculate the power dissipation of 
each conductive transistor for the case of 
h=40 (1~40). From the current flowing 
into branch circuit 1l1mA and the voltage 
across each transistor is about 3.3mW, 
03. 

Using a low repetition frequency for 
driving the inputs, we can observe the 
increase of the leakage current through the 
capacity in each point. Accordingly charging 
action such as stated in 3.3 (iii) will be 
necessary. 

No transistor was destroyed in the course 
of the present experiment. The performance 
of ® was stable. 

(2) The Carry Propagating Circuit 

That Corresponds to 20 Bits (A 
Half of the Whole Circuit Used 
Above) 

Experiments were performed on the _ half 


Table 3 


SOME EXAMPLES OF MEASURED VALUES AT 1 Mc, 20 Bits (V) 


ee Output Voltages 
Case of Input ‘ U2 Ue V7 Vit Vi6 Vy Vay 
aaa aaa a a ee 
h=20 (1~20) ORZ5 0. 70 0. 70 0. 65 0.55 0. 55 0. 70 
w.f. No. of Fig. 8 Wy5 Wy W5 Wig 
k=20 (1~20) 0.10 0. 10 0.10 0. 10 0.14 0.14 OFS 
w.f. No. of Fig. 8 Wi7 Wi Wig Woo 
h=5 (1~5), h=6 (10~15) 0. 70 0. 50 0. 10 0.18 0.55 Ons 0. 10 
w.f. No. of Fig. 8 Woy w Wa Wo, Wo; Woe Wez 
h=5 (1~5), k=11 (10~ 20) Oss 0. 50 0. 10 0.10 OFn3 On ORL 
wf. No. of Fig. 8 Woy Wag W30 Wt W39 W33 
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of the carry propagating circuit that was 
used in the above experiment Choice ie 
present circuit excludes the junction circuit 
with transformers, and corresponds to 20 


bits. The conditions of the experiments 
which were different. from the former 
conditions are: 

T,=150 musec, f=1Mc, L.=28mA 


Wate. W 22 Woe 


W25 


W 28 


AW 33 
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A few examples of the measured values 
are indicated in Table 3, and the waveforms 
are shown in Fig. 8. The upper part of Wo 
in Fig.8 is the input waveform which 
corresponds to wy in experiment (1). Only 
this part has a different voliage scale tkan 
the others. The lower part of wy. is the 
same aS wy. Both of these 
display a phase shift between 


waveforms 
input and 


W24 


Fig. 8—Input and output waveforms. 
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output of about 20 mp sec according to the 
observation. The upper and the lower parts 
of w,, are the waveforms of the terminals 
v,; and vo) respectively, for fh; (1~3) and 
hi; (5~20). Likewise the two parts of wie 
are the waveforms of v, and v2 respectively, 
for fig (1~18) and hz (19~20). These 
waveforms display a phase shift between the 
different output terminals, which was 
observed to be about 20 mpsec. From the 
measured values, 


_ 9.50 _ 
fsv= 0.15 ono 


7 0:75—0.50 
0. 625 


=40(%). 


The ratio of the input current into the 
emitter to the current flowing in~ the 
connective circuit ranges from 55 to 80(%) 
in this case, whereas in experiment (1), the 
ratio ranges between 60 and 90(%). This is 
probably due to the decrease of @ which is 
the current amplification factor of the 
transistor at the repetition frequency. 


4. Application 
4.1. Speeding up of Subtraction 


For the subtraction of (X—Y), the 
ordinary method is to add X to the comple- 
ment of 2 of Y. In order to get the 
complement of 2 of Y, however, we should 
use the negative value of each bit of Y, and 
1 must be added in the binary way to the 
least significant bit of Y. 

By making use of the ® circuit, we can 
accomplish this addition of 1 simultaneouly 
with the performance of the functions of @ 
described above. Namely, as is illustrated in 
Fig.9, ® is constructed by attaching the 
gate elements G(C)), G(S:), and G(S) to 
the circuit of Fig. 3 (a). G(S,) and GG) are 
driven by the inputs corresponding to S, 
and Sj. 

It is arranged that G(C)) is driven only 
by the signal that assigns subtraction. This 


is accomplished by introducing the carry 
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Fig. 9—® (The part necessary for subtraction). 


output signal to one bit before the least 
significant bit, in order to add 1. Therefore, 
in the case of subtraction, the value of Vj, 
obtained through Fj, is fixed as 1; and Z, 
is determined by V,; and S;. This is why 
no extra time is necessary to add 1. 


4.2. Application to the Decimal Adder 


The augend and the addend of decimal 
numbers of 2 digits are indicated by 


X=PX%K104, YSRY.10- 
v=1 v=1 
and the sum total by 


n+l 
U=] anes 


v=1 


Each of the digits X., Y., and U, can take 
integer values ranging from 0 to 9. These 
are coded into the excess three code using 
four binary bits as follows: 


PGR O.6 op. Gry re a) 
Va Pg, es ee (7) 
Cost, (Use Oe Oa ee) 
AG Xeon’ Ui. ee ees 
binary logical values. The addition of 


decimal numbers of one digit is denoted as 
follows: 


X+Y,=U, (8) 
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If this operation is executed through the 
use of the excess three code, the numerical 
relation is: 


OG) O53) = (0,46) (9) 


For U,>10, however, since the decimal carry 
output can be obtained, the values of the 
Equation (9) become larger than 15, and 
must be expressed by five bits. 

Theretore, the value of the four bits 
excepting the fifth bit (carry output) is 


Coo spel o —U,-0—-16=U,—10. (10) 


If we pay attention to the four bits, these 
values are equal to the values of the 
Equation (9) when there is no decimal 
carry, and are equal to those of the 
Equation (10) when there is a decimal carry. 

Therefore, in order to reduce these values 
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to the correct excess three code, 3 should 
be subtracted in the case of Equation (9), 
and 3 should be added in the case of 
Equation (10). In other words, the above 
correction should be made according to 
whether U,>10 or not. When U,>10, the 
carry output is produced. Then a decimal 
number of » digits can be regarded as a 
binary number of 47 bits, and two decimal 
numbers should be added in the _ binary 
way. Upon the results thus obtained, the 
above correction is made for each decimal 
digit, i.e., for each four binary digits. Then 


the decimal sum U, coded in the _ excess 


three code, can be obtained as the final 
result. 
If the carry propagating circuit stated 


above is applied to such a binary method of 
addition, high speed addition becomes 
possible for decimal addition also. The block 
diagram of the decimal adder based on the 


a 
- —— Zi 
x ENS) ¥1(3) — em 
13 
(3) ‘ aa 
N03) 
= z 
- S$1(4) = ue ii 1(4) —O WU \(4) 
1(4) (4) 
ul C1(4) 
oS SS See —— 
ae Zz 
< $2(1) an i Pa O19) SS WAC 
21 
ae ” C2(4) 
Jr 
ae ee Zz 
$2(2) Vv AC) p——— 0 4 2(2) 
X2(2) hee ee. 
4242) : 
soa 22(3) 
x a v2(3) ” oem guane? 
2(3) 
" €2(3) 
136) tr 
204 
oy wn |) eacay 
Ve eee 2a 


i) 
! 
' 
' 
: Zn(i 
es —————s 
x ee fe g Yn) a po ae ot 
1 
ee) " €n(\) — 


) 
na) 
ae Zz. 
n(2) 
y" Cpn(2) 
See ny a n3) 
Sn(3) - 
Var " 
Xn(3) RED) 


a Zi ) 
Xn(4) BES) 


Zn+(1) 


—{ 


Fig. 10—Block diagram of parallel 
decimal adder. 


-——O Vn(2) 


e—O Vn\4) 


ee —O Vn+i(1 


Un+i(2) 
A 
Un+i(3 


pI SORE 
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Table 4 


PROCESS OF DECIMAL ADDITION (U=X+Y) 


0 

POTOLOM LO Tee) Te at | 0G 
Psa eats hoc 2c0R0ie | 020.550 21) -O0-ter 
Pao cay) Cee ees 

yj 1100) 1001 CENT: MEO 


X: 8539 Y: 1084 U: 9623 


above principle is illustrated in Fig. 10, and 
the process of this addition is shown in 
Table 4. 

The result of the binary addition of X 
and Y is indicated in the lower Z line of 
Table 4. The resultant outputs are sent into 
the Z terminals shown in Fig.10. » is the 
symbol of the corrective action. Its function 
is to discern whether the vth the carry is 
obtained or not from the (»+1)th value of 
V, and to add (0 0 1 1) to the four bits of 
the same column, or subtract (0 0 11) from 
them. The function of » is performed in the 
corrective circuit 4 shown in Fig.10. The 
part of the circuit ranging from the input 
terminals to the Z terminals in Fig.10 is 
exactly the same as the circuit of Fig. 1. 


Conclusion 


The carry propagating circuit ®, described 
in this paper, has the function of an adder. 
It is a completely new logical circuit, 
derived from an original concept. 

If we regard ® as a circuit of two 
dimensions made of C and S, we shall be 
able to make circuits of many dimensions 
with ease. We shall also be able to construct 
logical circuit networks from the analogies 
of general geometrical models. 

The author thinks that @® can be an 
effective means for the construction of such 
current type logical circuits to realize special 
logical functions. He now expects that the 
logical function described as V_ will be 
extracted from other switching circuits. He 
intends to improve the characteristics of @ 
through change and reform and _ recognizes 
the need of researching about the storage 
effect of transistor in order to increase the 
repetition rating. He also welcomes readers’ 
opinions and instructions. He is _ deeply 
grateful to Mr. T. Seki and Dr. T. Sakurai 
for their invaluable guidance and suggestions, 
and to Mr. T.Shina for his continuous 
cooperation in the experiments. 
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681. 142:518.5 


On the Generation of Prime Numbers using 
the Eratosthenes’ Sieve by the MUSASINO-1’ 


Katuhiko ARAIt 


Generally it takes a very long time to generate prime numbers by means of iterated 
division with ordinary digital computers, for in them the speed of the division instruction 
is very slow compared to the speed of other instructions. In order to reduce the computing 
time, the writer composed a program utilizing the Eratosthenes’ sieve. In this program 
the first difficulty is how to store the list of integers in the memory of the computer. 
This difficulty was solved by letting each binary digit of the memory represent one 
number of a list of ordinal numbers. The sieving process was programmed as follows: 
initially all the binary digits of the memory corresponding to the list are set to 1, and 
after all the bits that correspond to the compound numbers in the list are crossed out, an 
integer is found to be a prime number or not according 10 whether the corresponding bit 
is 1 or not. 

First the writer composed a program to generate prime numbers smaller than 13,601. 
This reduced the computing time from one-fourth to one-third of that for the method of 
iterated division. Then he managed to generate prime numbers larger than a given no, 
using the above results. This reduced the time to less than one-tenth of the former time. 


The limit of the prime numbers obtainable by this method is 2°°. 


Introduction 

Many programs to compute prime 
numbers with electronic computers have 
been composed, but as far as we _ know, 
most of them find prime numbers by 
iterated division. In other words, they 


generate prime numbers through the decision 
rule that an integer 7 is prime if m is not 
divisible by any prime number smaller than 
./n. In ordinary computers, the speed of 
division is very slow in comparison with 
that of other operations; therefore it always 
takes a very long time to generate prime 
numbers. 

In order to reduce the time required for 
computation, we have discarded the method 


* This research has been conducted while the writer 
was receiving training in the Electronics Research 
Section. The original MS was received by the EGS 
on Dec. 7, 1959 and published in the Electrical 
Communication Laboratory Technical Journal, N.T.T., 
Vol. 9, No. 2, 1960. 


+ Administration Section, Administration Division. 


of iterated division and adopted that of the 
Eratosthenes’ sieve. We have found that the 
latter method is much more effective than 
the former method, in reducing the com- 
puting time. Moreover, it seems that the 
same considerations that have been given to 
this method are applicable to various other 
programs. 


1. The Program for Obtaining Prime 
Numbers Smaller than 13,601 


In making a program to generate prime 
numbers by the Eratosthenes’ sieve, the first 
difficulty is how to store the list of integers 
in the memory of the computer. In an 
ordinary program of numerical calculations, 
the numerical value of a number is stored 
as a word in the memory of the computer. 
However, in such a method, there are so 
many wasted bits, and the memory capacity 
of the computer is so small, that it is almost 


impossible to carry out sieving program 
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with the computer. If we use the Eratosthenes’ 
sieve, however, we need not know the 
numerical values of each integer in the 
process of the operation. What we need to 
know is only the order of the integers in 
the list. Their numerical values are necessary 
only when it comes time to print them. 


Memory Words 


Address 
SIS i aS a CBT 8, 
No GT SSS ead a 
161 159 157 87 85 83 
Mek Tit = === a ea ea 
255 1 i ee (Taal 


Fig. 1—The way of attaching numbers. (The 
left end digit is the sign digit.) 


Now we assume that each integer is re- 
presented by one binary digit of the memory 
of a binary digital computer such as the 
MUSASINO-1. Since the prime numbers 
larger than 2 are all odd, we only represent 
the odd ordinals, from 3 up, by the bits of 
memory as illustrated in Fig. 1. At first, we 
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set all the bits of memory to 1, and cross 
out bits corresponding to multiples one after 
another. After the sieving process is over, we 
can decide whether an integer is prime or 
not according to whether the corresponding 
bit “is. orc) 

Next let us consider how to decide 
whether the bit of an integer 7 is 0 or Il. 
We compose a word in which the bit of 
is 1 and all the other 39 digits are 0, and 
call this word the pilot of 7. If we operate 


the logical product of this pilot and _ the 
address in which » is situated, we can 
determine whether the digit is 0 or 1 


according to whether the result is 0 or not. 
When we want to cross out a digit, we 
only have to operate the logical product of 
the pilot and the considering address, and 
further the modulo 2 sum of this result and 
the address. 

From Fig. 1 it is known that shifting one 
digital position to the left corresponds to 
adding 2 to the number represented by the 
digits of the memory. When we cross out 
the bit of 2=rp, the next bit to be crossed 
out is that of (7+2)p=n+2p. Therefore the 
bit of n+2p is the pth bit from that of x 
to the left. From the way of representing 
numbers illustrated in Fig.1, we can easily 
find that we have to increase the number of 


From Ss = 
previous = Is pilot equal to sign digit ? ee Set an ‘ and 
program set SS, shift it p digits to the left) 


lB 


Transfer the pilot to 0 and 
shift it @ digits to the left. 


Sor pe Shift 40 AQ digits to the lett | 
. - Vesiinamaea >) OD, pb: p=40p+p+1, wh 2 pe 
, IsA02 Pilots 278 sl PDD Pheiwhere 2s pest. 
j Pilot eA. , feo oR | a-—>b: substitute 6 for a. 
| _ yh Ne: the address in which a bit 
Bide should be crossed out. 
Ne>Ne + pt | aaa ok: 
5 Te Fig. 2—Th 3 i 
Noe Paes g e flow. chart to appoint 
IL eu ae Eat | next multiples. 


r 


fo) 


next program 
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the address when the shifted pilot overflows. 
This can be done according to the process 
shown in the flow chart of Fig. 2. 

When we cross out the multiples of 4, 
we may begin the process from p*, since 
the multiples smaller than p* have been 
crossed out as the multiples of the prime 
numbers smaller than p. The position of the 
bit of p* is the {(2/2)+1}th place from the 
right end of the address N)+p;, where p, 
and p: ¥re the quotient and remainder of 
(p* —3)/80, respectively. This is to say that 
the address from which we ought to begin 
the crossing-out process is Ny+;, and the 
initial pilot is obtained by shifting the right 
end bit p»/2 digital positions to the left. 

From the above considerations, we obtain 
the flow chart shown in Fig.3. Our 
program is composed of 85 words. Since 


Stoo Start ——> Set P=3. 
Yes a 
Is the computation aes digit of 
4 ? 
compreted ? fe 
Print Pp. 


Prepare /,and 
Vn 


Set the considering 
address 2, + 86. 


| 


Is P,+ 86< 256 ? 


[ie 


Prepare the pilot. 


{ 


Cross out bit. 


fee 5% 


< Shitt the pilot p 
digits to the left. 


| Isthe cross-out 
| process completed ? 


Notations: 
Pr, pe: p?=80P,+3+p2, where 0<p:<80. 


Fig. 3—The flow-chart to compute prime 
numbers smaller than 13,601. 


* The detail of this part is shown in Fig. 2. 
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the memory capacity of the MUSASINO-1 
is 256 words and one word consists of 40 
bits, we can obtain prime numbers smaller 
than 13,601 by this program. 


2. The Program to Obtain Prime 
Numbers Larger than a Given 
Integer ny 


By the program explained above, we 
obtain the prime numbers from 3 to 13,597. 
By using these results, we can further 
obtain the prime numbers smaller than 
184,878,409 (=13,5977). Next we make a 
program to obtain prime numbers larger 
than a given integer m) by means of the 
Eratosthenes’ sieve. 

Here the prime numbers obtained above 
are punched in a tape, and they are read in 
the computer one by one, wh ile their corre- 
sponding multiples in the stored list are sieved 
out. In the previous program, we first set all 
the bits of the addresses, ranging from mp to 
255, to 1, as the list of odd integers. In the 
present program, however, we set them all 
to 0 at first and then store 1 in the digits 
corresponding to the multiples of the prime 
numbers that have been read in. Therefore 
the decision rule is reverse from the previout 
one; namely, if a digit is 1, the correspond- 
ing integer is not prime, and if it is 0, it is 
prime. As a result, we need only operate 
the-logical sum to store 1 in the correspond- 
ing bit in this program, whereas in the 
previous one we had to operate two logical 
operations; i.e., the logical product and the 
modulo 2 sum. 

Next, let us consider how to indicate the 
position of p’s smallest odd multiple larger 
than mp. If p?>m, there is no difficulty 
because we can apply the same _ operation 
to p’—n as we did on p*—3 in the above 
section. Therefore we consider the case 
only when p’<n. Let gq and r be the 
quotient and remainder of 1/p respectively, 
and we find the following facts: if 7 is even, 
p’s smallest odd multiple in the list is 
ny+2p—r, occupying the (p— r/2)th digital 
position from that of 7 to the left; and if r 
is odd, the multiple is m+p—r, occupying 
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the (p—7r)/2th digital position from that of 
nm) to the left. When (p— 7/2) or (p—r)/2 
>40, we need the same consideration as we 
gave to preparing pilots in the previous 


cection. 
From these considerations, we can obtain 


From — 
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the flow chart that designates the address 
and the bit from which to begin the sieving 
process. This flow chart is given in Fig. 4. 
The flow chart of the whole program is 
illustrated in Fig.5. By this program, we 
can obtain the list of prime numbers in the 


previous —>|  /*-7, 20? Yes 
program [fe | 
Prepare q and r 
Yes | 
r=0? 
{Ne 
Is r even 2 — Notations: 
ye edd | q, 7, n=pq+r, where 0<r<40. 
1 a Wie A (e-% (p? >No), 
Sar SSO) Set oy (P—7) Set eee | | Sou 5/02 an . sos (p—r)/2 (p2<m, 7 oda), 
l(ep—n/2 (p?<m r: even). 


ieee A a s!, So: s=40s, +5. where 0<s.<40. 


Prepare s, and S» 


Set N=68 +s, 


! 


Sempilot—=2a~ 


! 


To next program 


Clear the addresses 


Start) from Wo to 255 


Fig. 4—The flow-chart that appoints 
the address and the bit from 
which to begin the — sieve 
process. 


Read the prime R 
number £. ae. 


ead the printing 
rogram, 


Prepare p andp | 


AR erik 


4 


Designate the address 
and the pilot. 


mm i 2 Yes 


ft 0 


| 
n>n+ 2 | 


Is the sieving process | 


completed a No 


Is printing | 
completed ? 


ie 


Writel to the digit 


of p’s multiple. 
Yes No ik 


Is the process of Shift the pilot p digits 
writing 1completed ? [* | to the left. 


I 


= | Fig.5—The flow-chart to obtain prime 
1 numbers larger than 1%. 


Stop 


* The detail of this part is shown in Fig. 4. 
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range from the given m to m)+15,040, 
where m)+15,040< 2*°. The necessary data 
are the prime numbers’ smaller than 
r/ Ny +15, 040 excepting 2. 


Conclusion 


A program has been composed to obtain 
prime numbers by means of iterated division 
in our laboratory. Compared with the results 
of this program, the method proposed here 
is remarkably effective in reducing comput- 
ing time. The latter takes only about one- 
third to one-fourth of the time needed for 
the former method when the numbers under 
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consideration are relatively small, and when 
they are large, it takes only one tenth or 
less time. This is because the speed of the 
division instruction is extremely slow 
compared with that of other instructions. 

In the method of iterated division, we 
have to store the prime numbers smaller 
/ N in the computer in order to get the 
prime numbers up to WN. Therefore the 
upper limit of obtainable prime numbers is 
restricted by the memory capacity of the 
computer. However, in the present method, 
there is an advantage of having no_ such 
restriction, for we only have to store the 
prime numbers smaller than »/N in a tape. 


194 REVIEW OF TEH ELECTRICAL COMMUNICATION LABORATORY 


Papers Contributed to Scientific and Technical 
Journals by the Members of the Laboratory 


Papers Published in Other Publications of the Elecirical Communication Laboratory 


U.D.C. 62.001:620.2 


Research, Development, and Design 
Toshio HAYASAKA 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 1, pp. 1-27, Jan. 1960. 
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Technical Study on Weak-Current Contact Materials 
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Kenkyt Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 2, pp. 135-182, 1960 


The author established the standard test method and also increased the performance of weak current contact 
materials. This study also led to an increased understanding of the factors which cause variations in the measured 
values. (in Japanese) 


U.D.C. 621.318.56:921.394.6 }:620.178 


Deterioration of Contacts of a Polar Relay with a Rigid Tongue 
Sanae AMADA, Kosaku MUKAI, and Yukichi KANEKO 
Kenkyti ZituyOka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 1, pp. 64-82, Jan. 1960 


As a result of deterioration tests of polar relay contacts, many unexpected weldings were observed. Molybdenum 
contacts and spark quench circuits having resistances larger than three hundred ohms were used to prevent weld- 
ings. (in Japanese) 


U.D.C. 621.391.833:621.376.56 


Transmission Performance of Code Modulation Systems 
Yukio HOSHIKO, Kazuo KIMURA, and Takao ARAKI 
Kenkya Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 2, pp. 83-118, 1960 


Transmission performance of code modulation systems, P.C.M. and Delta Modulation, is analyzed. Especially, 
the noise characteristics of the coding and the repeating parts are calculated. (in Japanese) 


U.D.C. 621.395.31.001.2(083 .5) 


Tables of Telephone Traffic Formulae No. 1—Table for Waiting System 
with Full Availability (Infinite Sources)* 
Terunobu SUZUKI 


Kenkya Zituy6ka Héokoky (Electr. Comm. Labor. Techn. Journ.), NTT, 3rd Extra Issue, Nov. 1959 


* Reprints may be available upon your request to the author. 
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The waiting formulae of telephone traffic theory have been hitherto used mainly for estimating the numbers of 
trunks and operators required for manual telephone exchanges. However, with the advance of common control 
automatic telephone exchange systems, the formulae are not only used for the above calculations, but also largely 
as a basis for planning the grouping of common control equipments and in estimating their mecunted numbers 
despite of their importance, no sufficiently comprehensive and accurate tables of this kind seem to exist in ane 
therefore we thought it would be useful to publish the results ot some tabulations. 

This table is usable for a waiting system with full availability on the assumption of a Poisson distribution of 
calls, negative exponential holding times, and an infinite number of sources. The table comprises probabilities of 
waiting and average waiting times for different traffic values and defferent numbers of trunks which have been 
calculated from the waiting formulae that are well-known as Englang’s C formula. 

The calculated results are expressed with an accuracy of eight decimal places. 


-xpre ] The traffic values contained in the 
table are given for the following intervals in the following ranges: 


Interval Range 

0. 001 0.001- 0.080 
(0). 002 0.080- 0. 200 
0. 005 0.200- 0. 400 
0. O1 0.40 - 0.80 
0. 02 0.80 — 2.00 
0.05 2.00 - 8.00 
Oak 8.0 = 20.0 
0.2 Z0T0 4050 
1.0 40.0 -100 


The numbers of trunks are given by integers larger than the traffic values and are limited within the range 
where the avarage waiting time can exceed the avarage holding time x10-°. 

For the convenience of comparison with the probabilities of waiting, Erlang’s loss probabilities are also given; 
because they were obtained during the course of the calculation of above waiting probabilities. 

The calculation has been carried out on the MUSASINO-1 electronic digital computer constructed in the Electri- 
cal Communication Laboratory, NTT, Japan. This table is the first of a projected series of tables of traffic formulae 
required in the design of telephone plants. 


0. 85 0. 95 
1 0.85000000 0. 45945946 0. 85000000 5. 66666667 2 0. 47500000 0. 18792296 0. 30593220 0. 29136400 
2 0.42500000 0.16336913 0. 25350877 0. 22044241 3 0.31666667 0.05616653 0. 08010979 0.03907794 
3 0. 28333333 0.04424014 0. 06066930 0. 02821828 4 0. 23750000 " 0..01316395 0. 01719370 0. 00563728 
4 0. 21250000 0.00931347 0.01179698 0. 00374507 5 0.19000000 0. 00249491 0. 00307833 0. 00076008 
5 0.17000000 0.00158079 0. 00190395 0. 00045878 6 0. 15833333 0. 00039487 0. 00046912 0. 00009289 
6 0.14166667 0. 00022389 0. 00026084 0. 00005060 7 0.13571429 0.00005397 0.00006200 0. 00001025 
7 0.12142857 0.00002719 0.00003094 0. 00000503 8 0.11875000 0. 00000636 0. 00000722 0. 00000102 
8 0.10625000 0. 00000289 0. 00000323 0. 00000045 9 0. 10555555 0. 00000067 0. 00000075 0. 00000009 
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Design Requirements of a Telephone Set from the Standpoint of Transmission Quality 


Zenzi YAMAGUCHI 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 1, pp. 28-63, Jan. 1960 


In a design of a new telephone set consideration is given to the problem of what characteristics are most desira- 
ble for a telephone set from the point of view of transmission quality. (in Japanese) 
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Research on 24 channels P.C.M. Terminal Equipment 
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Kenkyti Zituy6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 2, pp. 119-134 


Odd and even group channels are coded separately by 7 bit gray coded _ tube. Simplified separation circuit and 
high speed coding and decoding devices characterize the 24 channels P.C.M. Terminal Equipment. (in Japanese) 
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On the Generation of Prime Numbers by the Sieve of Eratosthenes using MUSASINO-1 


Katsuhiko ARAI 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 9, 2, pp. 183-195, 1960 


A program for generating prime numbers by the Sieve of Eratosthenes was made. It sieves compound numbers 
from tbe sequence of odd integers represented by each bit of the memory. (in Japanese) 


Papers Published in Publications of Scientific and Technical Societies 
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Distortion Distribution and Error Probability in Binary Transmission System 
Yukio HOSHIKO, Tost MINAMI, and Takasi OMORI 
Journ. Inst. Electr. Comm. Engrs. Japan, 43, 2, pp. 146-153, Nov. 1960 


In this report we discussed the residual response and analyzed the general form of the distribution function of 
the residual response in a binary transmission system. Also, we analyzed the relation between the error rate and 
the distribution function of the residual response. (in Japanese) 


U.D.C. 678.742:541.64 


Second Order Transition of Polyethylene 
Ryuichi NAKANE 
Journ. Appl. Polym. Science, 3, Issue 7, pp. 124-125 Jan.-Feb., 1960 


Among the phenomena which were hitherto treated as the second order transition of polyethylene there exist at 


least two different phenomena: the end point of crystallinity change at —30° C, and the true second order transition 
at —55°C. 


U.D.C. 681.142 


High Speed Shifting Circuit 
Noriyoshi KUROYANAGI 
Journ. Inst. Electr. Comm. Engrs. Japan, 43, 2. pp. 188-193, Feb. 1960 


This circuit, made of several transistor gates and several pulse transformer voltage feeders, can shift the number 
entered into this circuit in one step as m figures, but has no storage faculty. (in Japanese) 
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Address-Selection System for Two-Alternating Current Memory System 
Shigeharu YAMADA and Teruhiko BESSHO 


Journ. Inst. Electr. Comm. Engrs. Japan, 43, 2, pp. 193-199, Feb. 1960 


An address-selection system which makes use of the combination of a linear selection circuit (utilizing error 
correcting codes) and diode amplitude filters is described. Each filter is constructed by the parallel connection of 


a linear transformer, two diodes connected oppositely in series, and a load. The selection ratio is improved by the 
use of filters. (in Japanese) 
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